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INTRODUCTION 
 
Peripheral Olfaction in Insects 
Mosquitoes are as ancient as the dinosaurs and occupy nearly every 
ecological environment outside of the arctic. Consequently, not only has 
every human being—living and dead—likely experienced the frustration of 
being set upon by a bloodthirsty mosquito, many of our very distant 
ancestors must have also shared similar vexations. From the point of view 
of the mosquito, the reason for such persistent molestations is not one of 
malevolence but rather one of reproductive necessity; with only a few 
notable exceptions, all female mosquitoes require the nutritive bolus 
provided by a vertebrate blood meal in order to complete the development 
of their eggs. Hence, the successful acquisition of a blood meal is literally 
a matter of survival.  
 
Consequently, hematophagous (blood feeding) insects such as 
mosquitoes face the added challenge of having to locate a host organism 
that may both be mobile and likely to react violently to being fed upon. 
Therefore, the immediate environment in which blood feeding takes place 
is one that can prove both fleeting and dangerous. To help overcome such 
challenges, mosquitoes possess refined sensory modalities to facilitate 
efficient host localization, principal among which is a sense of smell 
attuned to vertebrate host odors. 
 
Like most insects, mosquitoes 
smell primarily via specialized 
olfactory appendages on their 
heads, the most apparent of 
which is a pair of long, 
segmented antennae. These 
antennae, along with the other 
 
Figure 1. Head of A. gambiae adult 
female showing the three principal 
chemosensory appendages. 
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two major olfactory appendages of the mosquito, the maxillary palps and 
the labellum (Figure 1), are covered with microscopic sensilla (hair-like 
cuticular structures) that contain the dendrites of olfactory receptor 
neurons (ORNs). The surfaces of most sensilla types contain pores 
through which environmental chemical cues are able to enter into the 
sensilla lymph and interact with chemoreceptors located in the dendritic 
membranes of the ORNs (Figure 2). In mosquitoes, as in most insects, 
these transmembrane chemoreceptors fall into one of three multi-gene 
families: the odorant receptors (ORs), the gustatory receptors (GRs), and 
the Ionotropic glutamate receptors (IRs). With few notable exceptions, 
every chemoreceptor gene responds to only a limited spectrum of odors 
and has a odor “tuning profile” that is more-or-less unique to itself. So, 
given that each ORN may only expresses one (or at most a few) types of 
chemoreceptor gene, the antenna may be usefully visualized as a vast 
array of uniquely tuned sensilla, each responsive it a discreet subset of 
odor space. How all of these types of chemoreceptors, ORNs, and sensilla 
distribute themselves across the surface of chemosensory appendages 
comprise the “sensory periphery” of any given insect, and this distribution 
is then deterministic of the odors that insect can and cannot “smell.”  
 
 
Figure 2. A.gambiae antenna sensilla. Left (A-D from Pitts and Zwiebel, 2006) 
A: Sensilla trichodea (sharp). B: Socket of large chaetica sensillum. C:Sensilla 
trichodea (blunt). D: Basiconic sensillum (grooveg peg). Right Illustration of the 
structure and innervation of a single trichoid sensilla 
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While we can extend the concept of an olfactory sensory periphery from 
the antennae of insects to the noses of mammals, there are several key 
distinctions between the two olfactory systems. One of the less apparent 
differences is the fact that mammalian ORNs reside in the main olfactory 
epithelium within the nasal cavity. Therefore, a mammal can actively 
modulate the amount of odor it is sensing by controlling airflow across the 
epithelium, thus effectively increasing or decreasing odor concentration 
without having to move toward or away from the odor’s source. Insects on 
the other hand can only control odor-induced ORN signals by changing 
location and is perhaps better analogized to our own sense of touch rather 
than smell. Hence, it is easy to imagine that the peripheral composition of 
a tissue as complex as the insect antennae is organized in a way 
optimized toward facilitating olfactory mediated behaviors vital to its needs 
and environment. Indeed, when systematically examined with regard to 
physical location on the antennae or maxillary palp, individual insect 
sensilla display “stereotypical” (i.e., predictably identical) odor 
responsiveness between individuals, indicating the peripheral olfactory 
organization is tightly controlled during development. While peripheral 
chemoreception cannot speak directly to any notion of odor “perception” 
(e.g. whether or not a smell is “pleasant”) an ever-growing body of 
evidence indicates that the peripheral patterning of chemoreceptors in 
insects is by itself, highly predictive of olfactory-mediated behavioral 
responses. Thus, it appears that in insects there exists an unusually 
strongly link between chemoreceptor gene expression and phenotype. 
With this idea in mind, the studies reported here are parts of an attempt to 
comprehensively characterize the composition and dynamics of the 
chemosensory periphery of several mosquito species.  These separate 
studies share to some degree, the common motivation of linking gene 
expression profiles, chemoreceptor function and olfactory driven behavior, 
the most notorious of which is that of host seeking. 
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Chapter Summary 
 
In Chapter I my coauthors and I examine the transcriptome profiles of the 
antennae and maxillary palps of female and male A. gambiae. While this 
study is largely a descriptive comparison of these two tissues in two sexes, 
it was groundbreaking in its use of RNA-seq to provide a highly 
quantitative and unbiased picture of these major chemosensory tissues. 
Importantly, because we were able to speak comprehensively as to the 
chemoreceptor composition of these tissues we concluded that—once 
sexual dimorphism was accounted for—male and female antennae looked 
surprisingly similar in terms of the relative amounts of chemoreceptor 
transcript. Chapter II then went on to explore in more detail the antennae 
of A. gambiae females by examining how the composition of the 
peripheral chemoreceptor repertoire responded to the taking of a blood 
meal. Phenotypically, blood fed mosquitoes show a reduced proclivity to 
host seek and we were interested in recording the transcriptional 
signatures of this behavioral shift. While our results were analyzed within 
the context of the whole transcriptome, detailed analysis and functional 
modeling of fluctuations in chemoreceptor transcripts levels hinted at a 
shift in peripheral receptivity to certain odors beginning sometime at or 
after 24h post blood feeding. While not the host-seeking signature we 
were originally looking for, the time window of 48h-72h post blood meal is 
concurrent with the onset of oviposition site selection behaviors and lead 
us to pursue behavioral tests in ovipositing females. The results of these 
tests, guided by a chemical compound highlighted in our modeling of the 
antenna’s “receptivity,” suggested that the subtle shifts seen first at 24h 
contributed to a strong preferential effect the when the time came for the 
female to select an oviposition site. Chapter III then took the olfactory 
modeling concept that we developed and tested in Chapter II, to examine 
the antennal chemoreceptor profile of A. quadriannulatus, a mosquito 
species closely related to A. gambiae but one with a host-seeking 
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phenotype less preferring of humans. The results of this study suggested 
that the chemoreceptor expression profile of A. gambiae, specifically that 
of members of the OR family, represents a distinct subset of the 
expression profile seen in A. quadriannulatus, one that was preferentially 
expressed at a higher rate in the antenna of A. gambiae. Functional 
modeling in silico predicted that the observed patterns of preferential 
expression in A. gambiae confer an enhanced receptivity to some human-
associated skin emanations. Chapter IV then looked for evolutionary 
patterns in peripheral chemoreceptor expression in mosquitoes by 
extending our comparisons to include not only An. gambiae but the 
chemosensory tissues of Aedes aegypti and a non-blood feeding mosquito, 
Toxorhynchites amboinensis.  The aim of this comparison was not only to 
examine the molecular evolutionary attributes of the chemoreceptive 
repertoires of divergent mosquito taxa, but to also compare patterns of 
peripheral expression. While the ultimate interpretability of the study was 
limited by the lack of functional information about specific chemoreceptor 
function in both of the Culicinae species, we were able to construct a wide 
picture of chemoreceptor gene gain and loss in these mosquitoes. 
Moreover, we were able to see that the transcriptional profiles each of the 
two major classes of chemoreceptor (ORs and IRs) showed consistent 
differences between mosquito species separated by large evolutionary 
distances. Specifically, the OR family appears to offer greater functional 
(as inferred by expression) variation across species whereas the wildly 
expanding IR family nevertheless remains remarkably conserved in the 
variety of member genes which are ultimately expressed. The suggestion 
here is that IRs play a larger, more general role in mosquito biology 
whereas evolutionary changes within the OR family allows species to 
independently adapt to different environmental niches.  Finally, in Chapter 
V we will review how, over the last several years, the increasing 
affordability of high throughput sequencing is impacting the field of vector 
biology. Surprisingly, we found that outside of the various genome 
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initiatives, medical entomologists have been slow to embrace the 
enormous potential afforded by agnostic, whole genome/transcriptome 
sequencing.  
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CHAPTER I 
 
TRANSCRIPTOME PROFILING OF CHEMOSENSORY APPENDAGES 
IN THE MALARIA VECTOR ANOPHELES GAMBIAE REVEALS 
TISSUE- AND SEX-SPECIFIC SIGNATURES OF ODOR CODING 
 
PREFACE 
The following manuscript by Pitts et al. was published in BMC 
Genomics in May 2011 (doi:10.1186/1471-2164-12-271). My contribution 
(co-first author) to this work included experimental design, mosquito 
rearing, mosquito tissue dissections, data analysis, figure preparation, and 
the drafting of the manuscript. 
 
INTRODUCTION 
Insects rely heavily upon chemosensation, the ability to detect and 
react to environmental chemical cues, in virtually every aspect of their life 
cycle (Gillott 2005). Chemosensation is critical to food source 
identification, predator avoidance, oviposition site selection, kin 
recognition, mate choice, and toxic compound avoidance. In insects, 
chemosensory neurons are contained within distinct tissues on many parts 
of the body, most conspicuously on the antennae and the maxillary palps 
located on the head. These appendages are decorated with sensory hairs, 
or sensilla, that house the neurons in which families of insect-specific 
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receptors and other proteins transduce chemosensory signals (for reviews 
see Sato and Touhara 2009; de Bruyne and Baker 2008; Gilliott 2005; 
McIver 1982). Some insect sensory neurons have become highly 
specialized for the detection of single compounds, while others function 
more generally and are sensitive to multiple compounds (Kaissling 2009; 
Touhara and Vosshall 2009; Hallem et al., 2006). While the physiological 
and cellular basis of insect chemosensation has been studied for many 
years, its molecular underpinnings have only recently begun to be 
elucidated. 
In mosquitoes, host-seeking behavior is driven largely by olfaction 
(Zwiebel and Takken 2004; Takken and Knols 1999). An. gambiae 
females display a strong preference for human hosts (anthropophily), 
which contributes substantially to their ability to transmit human diseases, 
including malaria (Zwiebel and Takken 2004; Takken and Knols 1999; 
Costantini et al., 1999). The identification of chemoreceptor gene families 
in the An. gambiae genome (Hill et al., 2002; Liu et al., 2010) has 
facilitated the correlation of behavioral observations and physiological 
sensitivities to receptor expression (Fox et al., 2001; Pitts et al., 2004; 
Kwon et al., 2006; Lu et al., 2007). Specific chemoreceptors expressed in 
antennal and palpal neurons of An. gambiae are sensitive to host odors, 
including volatile components produced from bacteria associated with 
human skin (Hallem et al., 2004; Carey et al., 2010; Wang et al 2010; 
Verhulst et al., 2010). As a consequence, the function of select 
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chemoreceptor genes in An. gambiae has been linked to semiochemicals 
that are integral to specific host seeking behaviors. Despite this progress, 
very little of the downstream signaling events and regulation of 
chemoreceptor function is known. Moreover, the potential chemosensory 
bases of sexually distinct behaviors in An. gambiae are poorly understood 
(Howell and Knols 2009; Zwiebel and Takken 2004; Clements 1999).  
RNA-seq offers great potential to comprehensively study gene 
expression in head appendages of An. gambiae to provide insight into the 
molecular foundations of chemoreception. While several microarray-based 
studies have examined global transcript abundance in An. gambiae 
(Aguilar et al., 2010; Das et al., 2010; Cook and Sinkins 2010; Baton et al., 
2009; Warr et al., 2007; Marinotti et al., 2006; Aguilar et al., 2005; 
Marinotti et al., 2005), none has focused exclusively on chemoreceptive 
tissues. Moreover, unlike microarrays and older methods, RNA-seq 
provides transcriptome-wide sequence coverage with unbiased, highly 
quantitative results (Wang, Gerstein, Snyder, 2009) and greatly improved 
sensitivity (‘t Hoen et al., 2008; Mortazavi et al., 2008). To date, RNA-seq 
has been used to address several functional and evolutionary questions 
pertaining to mosquito biology (Gibbons et al., 2009; Hittinger et al., 2010; 
Crawford JE et al., 2010; Neira-Oviedo 2010; Bonizzoni et al, 2011).  
Here we have utilized RNA-seq to quantify global abundance levels 
of poly-adenylated transcripts of An. gambiae whole adults, antennae and 
maxillary palps across sexes. By mapping the generated short read 
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sequences against the full set of annotated An. gambiae transcripts we 
have generated six tissue- and sex-specific transcriptome profiles. As 
expected, gene families with well-established chemosensory function 
display antenna- or palp-enhanced abundance, with antennae showing 
enhancement of a larger number of these genes. We also have identified 
numerous members of other gene families that are enhanced in either 
antennae or maxillary palps, such as biotransformation enzymes, 
transcription factors, transmembrane receptors, ion channels, transporters 
and proteases which are likely to function in chemosensory pathways. Our 
data also revealed an unanticipated level of sexual monomorphism with 
respect to the abundance and distribution of known chemoreceptive 
functional classes in the antenna and the maxillary palp. Taken as a 
whole, this study greatly broadens our understanding of the molecular 
processes involved in peripheral sensory appendages, raising new 
questions about basic dipteran biology and offering the potential for novel 
targets for insect control. 
 
METHODS 
 
Mosquito Rearing 
An. gambiae sensu stricto, which originated from Suakoko, Liberia 
(della Torre et al 1996), were reared as described (Qiu et al 2004). 
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RNA Isolation and Sequencing 
Tissues were hand dissected from 4-6 d.o. adult An. gambiae at 
~ZT12 and immediately placed in RNA Later Ice (Ambion Corp.; Austin, 
TX) on ice. Total RNA was isolated from each sample using RNeasy 
columns (Qiagen Inc.; Carlsbad, CA) according to the manufacturer’s 
protocol. mRNA isolation and cDNA library preparation were carried out 
using the Illumina mRNA sequencing kit (Illumina Inc.; San Diego, CA). 
Libraries were sequenced using an Illumina Genome Analyzer II. 
 
AgOr and AgObp Reannotations 
Novel AgOrs were identified by tBLASTn searches (www.ncbi.org; 
default parameters) using the previously identified AgOR peptides as 
queries. Two new candidate AgOrs were identified and have been named 
AgOrs 80 and 81. Furthermore, AgOrs 12, 67, 78 and 79 have been 
purged from the AgOr family as apparent duplication errors in the original 
assembly (Table 2). Three new candidate AgObps (69, 70 and 71) were 
identified using similar tBLASTn searches and were added to the family 
based on two criteria: the candidate genes possessed motifs that 
exemplify the Obp family (Vogt 1981; Kruse 2003; Xu et al., 2003; 
Hekmat-Scafe et al., 2002) and each gene model encoded a unique 
transcript. Other genes resembling Obps were identified, but have not 
been included in the named members of the AgObp family. However we 
recognize the possibility that these genes may ultimately prove to be 
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unique, or function as odor-carriers. These will be discussed in more detail 
below. Similarly, AgObps 16, 17, 24, 58, 59, 61, 61, and 65 were purged 
from the AgObp family as apparent duplication errors in assembly. All 
modifications to the AgOr and AgObp families have been submitted to 
VectorBase. 
 
Data Processing and Expression Profiling 
Individual Illumina read files were mapped to the recently updated 
(Dec. 2010) soft Repeat Masked version of the assembled An. gambiae 
genome, to the mitochondrial genome, and to the annotated An. gambiae 
transcripts (www.VectorBase.org). For purposes of mapping, all alternate 
transcript isoforms for a given gene were condensed under that gene’s 
respective AGAP designation. Prior to mapping, individual reads were 
quality checked and uniformly trimmed by 4 and 12 nucleotides on their 5- 
and 3-prime ends respectively to account for spurious adapter 
incorporation (5’) and for sequencing reaction degeneration (3’). Mapping 
was carried out using seqmap software, configured to allow for a 
maximum of three mismatches per read. Processed mapping data was 
then consolidated based upon AGAP number and the results summarized 
by rseq. Abundance level output by rseq is reported in terms of unique 
reads, total weighted reads, and transcript length. Total weighted reads 
and AGAP transcript lengths were used to calculate a normalized 
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abundance level of Reads per Kilobase per Million reads mapped 
(RPKMs), for every AGAP in every tissue type (Mortazavi et al., 2008). 
 
PfamA Categorization 
Peptide sequences from AgamP3.6 conceptual peptides 
(n=12,669) were compared to the PfamA dataset (The Pfam protein 
families database: Finn et al. 2010) using the default e-value threshold of 
1.0. 
 
Comparison of Tissue Expression Profiles 
Statistical significance was assigned to each pairwise tissue 
comparison (antenna:body, palp:body, body:body) by setting up a Fisher’s 
Exact test, evaluating gene-by-gene differences of weighted, mapped 
reads and total mapped reads for a given sample. The Agam3.6 transcript 
annotation contains 13319 unique, annotated transcripts and the statistical 
significance of the Fisher’s Test was evaluated against a Bonferroni 
corrected p-value of 3.8x10-6. 
 
AgOr RT-PCR Amplifications 
 Antennae from female and males, and male reproductive tract 
tissues (terminal abdominal segments) were hand dissected. RNA was 
isolated using a Trizol extraction as described (Lu et al. 2007). First strand 
cDNA was synthesized using the Transcriptor kit (Roche). PCR primers 
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specific for AgOrs were as follows: AgOr7: TGCTGCTACACATGCTGAC 
and TAGGTGACAACGGCTCCAA; AgOr35: 
TTCCTGTTCAACTGTGACTC and TATGAAGCCACCTTTGGTGA. PCR 
amplification conditions were: 92 degrees C for 1 min.; 35 cycles of (92C, 
20s – 58C,20s – 72C,45s); 72C, 5min. 
 
RESULTS AND DISCUSSION 
 
RNA Sequencing and Gene Mapping 
As a means of inferring gene expression in chemosensory 
appendages we employed single-end short read (43bp) RNA-seq 
technology to characterize the relative abundances of poly-adenylated 
RNAs in antennae, maxillary palps and whole bodies of female and male 
adult mosquitoes. We established tissue- specific gene expression profiles 
for each of our six samples by mapping the read sequence files against 
the annotated An. gambiae transcriptome, using an approach that 
quantitated transcript abundance per gene and which accounted for all 
annotated transcripts per gene (see Materials and Methods). As our 
reference transcriptome, we used the AgamP3.6 version of the An. 
gambiae gene annotation, which contains 12,669 protein-coding genes 
and 650 non-coding RNAs (www.VectorBase.org). For each of the tissue 
types assayed, we obtained an average 30.5 million sequence reads per  
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Figure 1. Read coverage of An. gambiae genome. Read count coverage 
of the nuclear genome (magenta) and of the transctiptome (blue). Vertical 
bars represent counts of sequence reads per 250kB interval along each of 
the three chromosomes.  
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tissue type and mapped them to the An. gambiae transcriptome, nuclear 
and mitochondrial genomes (Table 1). On average, 57.4% of the reads 
per sample mapped to annotated genes, 91.5% to the nuclear genome 
(Table 1), and 2% to the mitochondrial genome (Table 1). Table S1 
contains the complete RNA-seq data set described above, including the 
number of reads from each tissue sample that mapped to all 13,319 
annotated An. gambiae genes. 
On a whole-genome level, comparison of the density of reads 
sequenced from the female body along all chromosomes showed a high 
degree of correspondence between the number of reads mapped to the 
nuclear genome and the number of reads mapped to the transcriptome 
(Figure 1). That said, there are a few areas of asymmetry where a higher 
degree of mapping to either the transcriptome or to the genome was 
observed, most noticeably in the gene-rich autosomal telomeres and in 
several regions of the X chromosome (Figure 1). Greater mapping 
frequency to the transcriptome can generally be explained as reads that 
map to exon-exon junctions, which by their nature would not map to the 
genome. For example, the observed asymmetry in the 2R telomeric region 
is due to the high number of exon junction reads that mapped to two 
rhodopsin-family genes (Figure 1). Of the reads that mapped only to the 
genome, many of them are likely to represent unannotated 5’or 3’ 
untranslated regions (UTRs). Moreover, there likely remain regions of the  
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Overall 
Totals  
Weighted Mapped Read 
Counts  
Gene Expression Summary 
 
tissue reads 
mapped reads 
(%) 
transcriptome v3.6 
(%) 
nuc. mito. # genes 
median 
RPKM 
mean 
RPKM 
std.dev. 
RPKM 
FB 27.87M 25.36M (90.96) 16.61M (59.57) 14.68M 0.26M 12145 8.87 59.74 543.15 
FA 25.98M 24.12M (92.85) 14.62M (56.26) 15.28M 0.08M 11722 9.38 59.22 732.65 
FP 27.45M 25.98 (94.66) 15.29M (55.71) 16.70M 0.42M 12297 10.37 56.44 496.05 
MB 31.88M 30.23M (94.82) 17.60M (55.22) 16.02M 2.41M 12253 8.34 54.01 424.05 
MA 33.95M 32.14M (94.68) 18.23M (53.70) 21.43M 0.24M 11986 10.34 46.01 229.14 
MP 35.71M 33.34M (93.37) 22.60M (63.29) 17.63M 0.54M 12146 8.40 49.14 286.49 
 
 
Table 1. An. gambiae RNA-seq mapping and expression data. Cells in 
each row contain information corresponding to the tissue type listed. 
Overall Totals: reads - total number of short reads generated from each 
sample. mapped reads - the number (and percentage) of total reads that 
were mapped to the transcriptome, nuclear genome, and/or the 
mitochondrial genome. Weighted Mapped Read Counts: transcriptome 
v3.6 - the number (and percentage) of reads mapped to version 3.6 of the 
An. gambiae transcriptome. nuc. - the number the number of reads 
mapped to the assembled An. gambiae genome. mito. - the number of 
reads mapped to the An. gambiae mitochondrial genome. Gene 
Expression Summary: # genes - the total number of annotated genes in 
each tissue type having an RPKM greater than zero. median, mean, and 
std. deviation – calculated using RPKM values for each tissue type. 
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Figure 2. Gene expression in An. gambiae female antenna vs body. 
Volcano plot showing the relative abundance levels of genes in female 
whole body versus female antennae. The x-axis represents the log2 of the 
expression ratio (antenna RPKM: body RPKM) for each gene of the An. 
gambiae transcriptome. The y-axis represents the negative log10 of the p-
value of Fisher’s Exact test. White points (n=2201) represent genes that 
were both statistically significant (red horizontal line; p< 3.91e-06) and 
biologically significant (red vertical lines; greater than 2-fold difference in 
RPKMs). Gray points (n=10603) represent genes that either fell outside 
one or both of these significance criteria. Red points indicate the 
expression values of major chemosensory genes: AgOrs, AgIrs, AgGrs, 
and AgObps. RPKM values of 0.00 were transformed to 0.10 prior to 
calculating antenna:body ratios, such that those genes could also be 
represented on the plot. 
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genome, most notably the Y-chromosome, where novel exons and 
transcripts remain (Li et al., 2006). 
To quantify relative differences in gene abundance levels, we 
calculated the Reads Per Kilobase per Million (RPKM) reads value for 
each gene within a sample, a self-normalized value of absolute gene 
transcript abundance (Mortazavi et al., 2008). Mean and median RPKM 
values for each tissue type in this study were very similar across samples, 
as were the number of genes showing basal or greater levels of 
transcription (Table 1). RPKM values spanned more than 6 orders of 
magnitude for each of the tissue types examined. 
We assessed fold-differences in transcript abundance by 
independently comparing ratios of RPKM values between pairs of tissues 
within each sex: antennae to bodies and maxillary palps to bodies. For 
each of these pairwise comparisons we performed a Fisher’s Exact Test 
on counts of mapped reads to determine statistical significance using a 
Bonferroni-corrected p-value (p < 3.9x10-6; see Materials and Methods). 
Furthermore, we use the term “enhanced” to describe any gene that 
displayed at least 2-fold significant difference in abundance between 
samples (Figure 2). These conservative criteria were applied to avoid false 
positives stemming from variations within the sample themselves, as well 
as to reduce the number of genes that was used for subsequent analyses 
(Robinson et al, 2010; Balweirz et al, 2009). 
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Figure 3: An. gambiae enhanced gene pairwise tissue comparisons. 
Proportional Venn diagrams showing the various pairwise comparisons 
made in this study. Overlap represents the subset of genes that are 
significantly enhanced in both tissues. 
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Gene Expression Profiling in Chemosensory Tissues 
To examine global gene expression patterns, we compared RPKM 
values pairwise for whole bodies versus either antennae or maxillary palps 
in both sexes; one such comparison is shown in Figure 2. Specifically, 
4,587 genes displayed directional enhancement in the female antenna to 
body comparison (Figure 2, white dots). Of those, 2,277 were enhanced in 
the antenna (Figure 2, right half). Similarly, we found that 1,906 genes 
were enhanced in female palps, 3,037 genes were enhanced in male 
antennae, and 2,284 genes were enhanced in male palps. These 4 gene 
sets formed the basis of our subsequent analyses where we compared 
enhanced gene profiles between chemosensory tissues and across sexes 
(Figure 3).  
Comparing the enhanced gene sets between the female antennae 
and palps revealed significant overlap, with 1,158 genes (61% of palp set) 
enhanced in both tissues (Figure 4). Similarly, male antennae and palps 
showed significant overlap with 1,208 genes enhanced in both tissues 
(53% of palp set; Figure 5). Interestingly, the most well-represented gene 
families in both of these overlapping sets were 7-transmembrance 
receptors (PF00001), protein kinases (PF00069), cytochrome P450s 
(PF00067), trypsins (PF00089), carboxylesterases (PF00135), and 
potential transcription factors (PFs 00046 and 00096; Figures 4 and 5, 
bottom tables). However, we also observed several differentially enhanced 
gene sets between the antennae and palps (Figures 4 and 5). The An.  
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Figure 4: Female antenna vs. palp enhanced gene sets. Proportional 
Venn diagram showing the numbers of genes that are significantly 
enhanced in male antenna and maxillary palps. Overlap represents the 
subset of genes that are significantly enhanced in both tissues. Boxes 
contain ranked lists of the most prevalent PfamA families in each data set. 
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Figure 5: Male antenna vs. palp enhanced gene sets. Proportional Venn 
diagram showing the numbers of genes that are significantly enhanced in 
male antenna and maxillary palps. Overlap represents the subset of genes 
that are significantly enhanced in both tissues. Boxes contain ranked lists 
of the most prevalent PfamA families in each data set. 
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Figure 6. Female vs. male antenna enhanced gene sets. Proportional 
Venn diagram showing the numbers of genes that are significantly 
enhanced in female and male antenna. Overlap represents the subset of 
genes that are significantly enhanced in both sexes. Boxes contain ranked 
lists of the most prevalent PfamA families in each data set. 
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Figure 7. Female vs. male palp enhanced gene sets. Proportional Venn 
diagram showing the numbers of genes that are significantly enhanced in 
female and male maxillary palps. Overlap represents the subset of genes 
that are significantly enhanced in both sexes. Boxes contain ranked lists of 
the most prevalent PfamA families in each data set. 
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gambiae Ors (AgOrs; Hill et al., 2002; PfamA family PF02949) were the 
most prevelant class in female antennae (Figure 4, left table) and second-
most in the male antennae (Figure 5, left table). Other chemosensory 
gene families, such as ligand-gated ion channels, which include the 
recently identified ionotropic receptors (AgIrs; Liu et al., 2010; PF00060), 
and odorant binding proteins (AgObps; Xu et al., 2004; PF01395) were 
highly represented in the antennae (Figures 4 and 5). It is clear from these 
antennae-to-palp analyses that both extensive overlap and significant 
distinctions in gene expression profiles exist. The consistent identification 
of the same Pfam familes in all enhanced gene sets implicates functional 
groups that can be studied in greater detail to elucidate their potential 
roles in mosquito chemosensation.  
To attempt to distinguish similarities and differences in gene 
expression patterns between sexes, we compared the 2,277 female, and 
the 3,037 male antennal-enhanced genes and identified a common set of 
1381 genes (Figures 3 and 6). Once again, this set included AgOrs, AgIrs, 
and AgObps (Figure 6, bottom table). Despite many commonalities in 
gene expression, there were also 896 female antennae-specific enhanced 
genes and, surprisingly, nearly 1700 male antennae-specific enhanced 
genes (Figures 3 and 6). 
Given the obvious sexual dimorphism of An. gambiae antennae 
(Figure 7), the comparison of female to male antennae is not 
straightforward. Chemosensory sensilla, and AgOr-containing neurons in 
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particular, are found over the full length of the female antenna, whereas 
male antennae house ~3-fold fewer chemosensilla that are restricted the 
two most distal segments (Sutcliff 1993; McIver 1982; Ismail 1964; 
Schymura et al., 2010). Furthermore, while female antennae are 
predominantly chemosensory, male antennae are also highly specialized 
for hearing (Pennetier et al., 2010; Gibson et al., 2010). Accordingly, the 
An. gambiae orthologs of the D. melanogaster trpV channels Nanchung 
and inactive, which are required for hearing in the fruit fly, were enhanced 
in antennae of both An. gambiae sexes (AGAPs 012241 and 000413, 
respectively), but their absolute abundances were much higher in male 
antennae (RPKMs of 183.92 and 104.49 in males and 20.54 and 7.66 
respectively, in females). This elevated abundance of auditory-associated 
genes in the male antenna is consistent with male An. gambiae mating 
behavior where an acute sense of hearing facilitates the recognition of 
female wing beats (Charlwood and Jones 1979; Pennetier et al., 2010; 
Gibson et al., 2010). Given that wild female mosquitoes are likely to mate 
just once, while males swarm daily in search of a mate (Goma 1963; 
Charlwood and Jones 1979; Howell and Knols 2009), the specialization 
shift away from olfaction and toward audition in the principle male sensory 
organ is reasonable presumably as a mechanism to increase male mating 
success. 
In the maxillary palps, as in the antennae, considerable overlap 
was found in gene expression profile between the sexes. In the palp, 778 
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genes were common between the 1,906 female palp-enhanced gene set 
and the 2,284 male palp-enhanced gene set (Figure 3 and Figure 8). 
Interestingly, the fraction of enhanced gene overlap was much lower in the 
palps than in the antennae (Figures 6 and 8); only 41% of the total female 
palp-enhanced set was shared with males, compared to 61% of the total 
female antennal-enhanced set that was shared with males. In light of the 
antennal sexual dimorphism the even greater divergence in overlapping 
gene sets between female and male palp may indicate the presence of 
cryptic sex-specific specializations. 
These comparisons also revealed multiple classes of genes outside 
the expected chemosensory gene families that displayed enhanced tissue 
abundance. A detailed examination of the abundance patterns of a subset 
of other gene families is provided in Table 2, many of which are 
represented in Figures 3 and 4. Nearly half of the members of the large 
superfamily of 7-transmembrane (7tm) receptors (114 of the 241 
recognized by PfamA), exclusive of the AgOrs, were enhanced in at least 
one of the chemosensory tissues examined (Table 2). This may indicate 
unrecognized roles in sensory reception or regulation of chemoreceptor 
neuron or accessory cell function. Importantly, efferent projections from 
serotonergic, or tachykinin neuroendocrine cells have been identified in 
mosquito chemosensory appendages (Siju et al., 2008; Meola et al., 2000, 
2002). Thus the expression of serotonin (AGAPs 002232, 002679, 
004222, 004223, 007136, and 011481), and tachykinin (AGAPs 001592 
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    Enhanced >2x ------------------------------- 
gene class PfamA PfamA description #An.gambiae FA MA FP MP 
7tm Receptor PF00001 7tm receptor (rhodopsin family) 84 28 20 18 14 
7tm Receptor PF02949 7tm Odorant receptor (Or) 78 56 31 3 3 
7tm Receptor PF08395 7tm Chemosensory receptor (Gr) 52 1 4 3 4 
7tm Receptor PF00002 7tm receptor (Secretin family) 11 2 1 0 2 
7tm Receptor PF00003 7tm sweet-taste receptor of 3 GCPR 7 4 5 2 1 
lipophilic carrier PF01395 PBP/GOBP family 62 18 17 6 4 
lipophilic carrier PF00650 CRAL/TRIO domain 43 17 9 17 16 
lipophilic carrier PF06585 Haemolymph juvenile hormone binding 24 10 5 15 9 
lipophilic carrier PF00188 Cysteine-rich secretory protein family 20 7 2 9 7 
lipophilic carrier PF03392 Insect pheromone-bind. family, A10/OS-D 7 2 2 4 1 
CD36/SNMP PF01130 CD36 family 14 5 1 7 5 
channel/transporter PF07690 Major Facilitator Superfamily 65 21 16 16 13 
channel/transporter PF00083 Sugar (and other) transporter 49 7 4 7 8 
channel/transporter PF00060 Ligand-gated ion channel 29 22 20 5 3 
channel/transporter PF00520 Ion transport protein 27 15 10 9 3 
channel/transporter PF02931 
Neurotrans.-gated ion-channel ligand 
bind. 
24 10 6 4 0 
channel/transporter PF00858 Amiloride-sensitive sodium channel 23 5 2 1 1 
channel/transporter PF01061 ABC-2 type transporter 19 10 4 12 11 
channel/transporter PF00005 ABC transporter 18 4 3 5 2 
channel/transporter PF00664 ABC transporter transmemb. 15 4 2 2 4 
channel/transporter PF07885 Ion channel 9 3 3 1 1 
biotransformation PF00067 Cytochrome P450 113 30 19 34 24 
biotransformation PF00135 Carboxylesterase 50 15 13 14 14 
biotransformation PF00043 Glutathione S-transferase, C-term. 18 6 1 4 1 
biotransformation PF02798 Glutathione S-transferase, N-term. 17 5 3 4 3 
transcription factor PF00096 Zinc finger, C2H2 type 114 21 50 21 24 
transcription factor PF00046 Homeobox domain 76 17 19 14 13 
transcription factor PF00651 BTB/POZ domain 54 17 26 5 7 
transcription factor PF00010 Helix-loop-helix DNA-binding 41 6 6 5 6 
transcription factor PF00250 Fork head domain 19 6 8 3 4 
transcription factor PF07716 Basic region leucine zipper 14 3 4 1 3 
transcription factor PF00292 Paired box domain 10 3 5 3 3 
transcription factor PF00907 T-box 11 8 6 8 5 
transcription factor PF00170 bZIP transcription factor 8 3 3 2 2 
transcription factor PF00157 Pou domain - N-terminal to homeobox 4 2 3 3 1 
Table 2. Enhanced gene classes in An. gambiae chemosensory tissues. 
Cells in each row contain information corresponding to the gene class 
listed. PfamA: PfamA family number. PfamA description: PfamA family 
description. # in An. gambiae: number of genes identified in PfamA 
searches of An. gambiae transcriptome. enhanced >2x: number of genes 
in each PfamA family that were enhanced relative to bodies in the 
specified tissues, relative to bodies. FA – female antenna, MA – male 
antenna, FP – female palp, MP – male palp  
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Figure 8. Sexual Dimorphism in An. gambiae chemosensory tissues. 
Brightfield images of An. gambiae female and male heads. Antennae and 
maxillary palps are indicated. Scanning electron micrographs show details 
of the fifth and thirteenth flagellomeres (segments) of female and male 
antennae, respectively. 
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and 012824) receptor homologs in An. gambiae antennae and maxillary 
palps is consistent with a neuromodulatory role for these compounds. 
Other gene families with multiple members that displayed 
chemosensory enhancement include the CD36 family, some members of 
which function in insect olfaction (Rogers et al., 1999; Benton et al., 2009); 
ion channels and transporters, which include the recently identified 
chemosensory ionotropic receptors (Liu et al., 2010; Croset et al., 2010; 
Abuin et al., 2011). In addition biotransformation enzymes, such as 
carboxyesterases and cytochrome P450s that are potential odor 
degrading/biotransformation enzymes (Durand et al., 2010a, 2010b; 
Maibeche-Coisne et al., 2002); carbonic anhydrases involved in carbon 
dioxide detection in mammals (Chandrashekar J, et al., 2009) and 
transcription factors, including the An. gambiae homologs of acj6 and 
pdm3, D. melanogaster pou-type transcription factors involved in DmOr 
gene regulation and ORN axon targeting (Bai and Carlson 2010; Bai et al 
2009; Tichy et al., 2008; Lee and Salvaterra 2002; Clyne et al., 1999; Ayer 
and Carlson 1992,1991) were observed.  
We also identified a number of small, soluble proteins with 
enhanced chemosensory tissue abundance in both sexes (Table 3), such 
as the CRAL-TRIO (PF00650) and cysteine-rich secretory (PF00188), and 
hemolymph juvenile hormone binding proteins (JHBP, PF06585). To our 
knowledge, the first two gene families have not been linked to 
chemosensation, but the members of the JHBP family have been 
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identified in screens of high abundance genes in mosquito antennae 
(Justice et al., 2003; Bohbot and Vogt 2005). Moreover the JHBP gene, 
takeout, links the circadian clock and feeding behavior in D. melanogaster 
(Sarvo-Blot et al., 2000) and modulates aggregation behavior in Locusta 
migratoria (Guo et al., 2011). The extremely high abundance levels of 
some members of these 3 gene families suggest potential chemosensory 
functions analogous to other soluble lipophilic carriers such as the Obps. 
Grooved peg sensilla on mosquito antennae are sensors of many 
key host kairomones, including ammonia, which has been recognized as a 
mosquito attractant for nearly 100 years and acts as a potent synergist for 
eliciting host-seeking behavior (Qiu et al. 2006; Smallegange et al. 2005; 
Zwiebel and Takken 2004). Despite its recognized importance in host 
seeking and thus in human disease transmission, virtually nothing is 
known about the sensory signaling events that lead to ammonia 
perception. Importantly, grooved pegs seem to lack expression of any of 
the other known molecular odorant receptors that are encoded in the An. 
gambiae genome and expressed in the trichoid sensilla (Hill et al. 2002; 
Pitts et al. 2004). Accordingly, identifying potential kairomone receptors 
and especially those tuned to ammonia, that are expressed in sensilla 
beyond the trichoids may prove to be critical for the development of novel 
chemical-based control or monitoring strategies. As described in Chapter 
II, the AgIrs (Liu et al. 2010) may underlie odor sensitivities to grooved peg 
sensilla. The Drosophila homologs of the AgIrs are expressed in non-
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trichoid sensilla and one of those receptors confers sensitivity to ammonia, 
although at a high threshold (Benton et al. 2009). However, there is no 
mosquito homolog of the Drosophila ammonia receptor (unpublished 
observation) indicating that mosquitoes are likely to utilize a novel 
mechanism for ammonia sensing. 
Among the genes that we have identified is an ammonium 
transporter homolog (AGAP003989) that is highly enriched, if not 
exclusively expressed, in the antennae (Figure 9). In fact, the expression 
level of AGAP003989 in the antennae is even higher than almost any of 
the antennal odorant receptors (Figure 10). Ammonium transporters of the 
Amt and RH families are primarily known to be regulators of cellular 
ammonia levels in virtually all organisms (Tremblay and Hallenbeck 2009). 
Importantly, the expression level of a second ammonium transporter 
homolog in An. gambiae is non-tissue specific (Figure 9). More recently, 
ammonium transporters have been shown to carry out signaling functions 
in bacteria and yeast (Tremblay and Hallenbeck 2009). We speculate that 
AGAP003989 may participate in ammonia sensitivity in the grooved peg 
sensilla of An. gambiae and other mosquitoes. In support of the second 
conjecture, we have identified orthologs of AGAP003989 in the genomes 
of Aedes aegypti and Culex quinquefasciatus (Figure 9). AGAP003989 
therefore represents a potentially novel and important finding that whole 
transcriptome profiling has facilitated. 
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Figure 9. Top panel - Expression of ammonium transporter homologs in 
An. gambiae female antennae (black bars) and bodies (white bars). 
Bottom panel - Schematic representation of ammonium transporter 
orthologs from Ae. aegypti, An. gambiae, and Cx. quinquefasciatus. 
Peptides are represented as shaded boxes with regions of homology 
indicated in different shades. Percent identical residues are listed 
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Chemosensory Gene Families 
In light of the existing literature on the molecular mechanisms 
underlying the processes of peripheral chemosensation in vector 
mosquitoes, we examined in detail the abundance patterns AgOrs, AgIrs, 
AgObps and gustatory receptors (AgGrs). As expected, the vast majority 
of AgOrs were highly enhanced in antennae. Of the 76 AgOrs, 58 showed 
significantly higher expression in female antennae as compared to only 36 
in male antennae (Figure 10). The entire set of male-enhanced AgOrs was 
contained within the female enhanced set. None of the larval-specific 
AgOrs: 37, 40, 52, or 58, was enhanced in adult antennae or palps, 
supporting previous observations (Xia et al., 2008). In the palps, only 
AgOrs8 and 28 and AgOrco (recently renamed from AgOr7 to reflect its 
capacity as an obligate co-receptor in Or signaling) were enhanced in 
female maxillary palps (Figure 10), a result consistent with our previous 
study on odor coding in the An. gambiae maxillary palps (Lu et al., 2007). 
The same 3 AgOrs were enhanced in male palps (Figure 10). 
Several members of the recently described AgIr gene family (Liu et 
al., 2010; Croset et al., 2010) displayed significant enhancement in 
antennae of both sexes (Figure 11), further supporting their potential roles 
as chemosensory receptors in An. gambiae. A high degree of overlap was 
observed between the sexes, where 21 AgIrs were enhanced in both. 
Similar to the AgOrs, there were many fewer AgIrs enhanced in the palps 
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Figure 10. AgOr Expression Profile. Left panel is an expression profile 
map. Green color intensity scale (below map) indicates increasing RPKM 
values from left to right. (FP – female palp; FB – female body; FA – female 
antenna; MA – male antenna; MB – male body; MP – male palp). Middle 
panels – volcano plots showing the relative abundance of AgOrs in body 
versus antennae. Individual data points were plotted at the intersection of 
the log10 of Fisher’s exact test (y-axis) and the log2 of the ratio of antenna 
(or palp) RPKM: body RPKM (x-axis) for each gene. Red diamonds or 
blue circles represent significantly enhanced AgOrs in antenna (top panel) 
or maxillary palps (bottom panel) of females and males, respectively. Gray 
points represent AgOrs that fell below the significance threshold of 3.91e-
06 or the 2-fold differential expression cutoff. RPKM values of 0.00 were 
transformed to 0.10 prior to calculating RPKM ratios, such that those 
genes could also be represented on the plot. Right panels – Proportional 
Venn diagrams showing the number of AgOrs that are significantly 
enhanced in female and male antenna (top) and maxillary palp (bottom). 
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compared to the antennae, with 7 and 6 enhanced in female and male 
palps, respectively. Furthermore, the degree of overlap (3 genes) between 
the sexes was much less pronounced in the palp (Figure 11). 
The AgGrs were the only class that did not overlap in the antennae 
between the sexes, with very few showing enhancement in either females 
or males (Figure 12). Only AgGr1 was enhanced in female antennae, 
while AgGrs, 33, 48, 49, and 50 were enhanced in male antennae. 
Notably, one member of this large gene family, AgGr33 was strongly 
enhanced in the male antenna (Figure 12), perhaps indicating a 
specialized function in male antennae. In contrast to the acute sexual 
dimorphism displayed in the antennae, both sexes showed high 
abundance of AgGrs 22, 23, and 24, in their maxillary palps (Figure 12). 
These three AgGrs are homologs of the D. melanogaster carbon dioxide 
receptors (Kwon et al., 2007; Cayirlioglu et al., 2008; Robertson and Kent 
2009) and are expressed in capitate peg sensilla on the maxillary palps 
where they have been directly implicated in An. gambiae CO2 sensing (Lu 
et al., 2007). 
Enhanced chemosensory abundance of members of the large 
AgObp family was evident across all tissues and sexes (Figure 13). 
Sixteen classical and three C-plus AgObps were significantly enhanced in 
the female antennae (Figure 13). Of these, 17 were also significantly 
enhanced in the male antennae (Figure 13) including the LUSH homolog, 
AgObp4 (Kim et al., 1998). AgObp19 was the only one to demonstrate  
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Figure 11. AgIr Expression Profile. Left panel is an expression profile 
map. Green color intensity scale (below map) indicates increasing RPKM 
values from left to right. Column labels same as Figure 9. Middle panels – 
volcano plots showing the relative abundance of AgIrs in body versus 
antennae. Individual data points were plotted at the intersection of the 
log10 of Fisher’s Exact test (y-axis) with the log2 of the ratio of antenna (or 
palp) RPKM: body RPKM (x-axis) for each gene. Red diamonds or blue 
circles represent significantly enhanced AgIrs in antenna (top panel) or 
maxillary palps (bottom panel) of females and males, respectively. Gray 
points represent AgIrs that fell below the significance threshold of 3.91e-
06 or the 2-fold differential expression cutoff. RPKM values of 0.00 were 
transformed to 0.10 prior to calculating abundance ratios, such that those 
genes could also be represented on the plot. Right panels – Proportional 
Venn diagrams showing the number of AgIrs that are significantly 
enhanced in female and male antenna (top) or palp (bottom). 
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significantly enhanced abundance in the female antennae and in no other 
tissue. In the maxillary palp, enhancement of AgObp transcripts also 
displayed substantial overlap between sexes, where the 4 male enhanced 
AgObps were all enhanced in females. Overall, AgObp abundance was 
nearly identical between male and female chemosensory tissues (Figure 
13). 
In contrast, atypical AgObps were not enhanced in any of the 
tissues examined, which is consistent with previous results suggesting 
that expression of this subfamily is limited to pre-adult stages (Xu et al., 
2005). With the exception of AgObps 47, 48, 57, which had RPKMs of 
>1000, abundance of the members of the Plus-C AgObp subfamily was 
very low. Of these, it is noteworthy that AgObp48 was one of the most 
highly expressed genes (RPKM=32311) in any tissue, with significant 
abundance in both the male and female olfactory tissues. While AgObps, 
and insect Obps in general are among the most highly expressed gene 
families in chemosensory tissues their role in non-pheromone 
chemosensation remains largely undefined. 
It has been hypothesized that Obps act as molecular 
shuttles/chaperones, which deliver to receptors and/or transiently protect 
specific odorants from biotransformation enzymes (Vogt, 1987 Lerner et 
al., 1990). If individual Obps bind a subset of odorants, it is reasonable to 
hypothesize that in tissues with high Or and therefore odor-coding 
complexity such as the antennae, the Obp landscape would need to be  
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Figure 12. AgGr Expression Profile. Left panel is an expression profile 
map. Green color intensity scale (below map) indicates increasing RPKM 
values from left to right. Column labels same as Figure 9. Middle panels – 
volcano plots showing the relative abundance of AgGrs in body versus 
antennae. Individual data points were plotted at the intersection of the 
log10 of Fisher’s exact test (y-axis) with the log2 of the ratio of antenna (or 
palp) RPKM: body RPKM (x-axis) for each gene. Red diamonds or blue 
circles represent significantly enhanced AgGrs in antenna (top panel) or 
maxillary palp (bottom panel) of females and males, respectively. Gray 
points represent AgGrs that fell below the significance threshold of 3.91e-
06 or the 2-fold differential expression cutoff. RPKM values of 0.00 were 
transformed to 0.10 prior to calculating expression ratios, such that those 
genes could also be represented on the plot. Right panels – Venn 
diagrams showing the number of AgGrs that are significantly enhanced in 
female and male antenna (top) or palp (bottom). 
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similarly complex in order to bind the required range of odorants. The 
converse would also be expected for tissues with reduced odor coding 
complexity such as the maxillary palp. 
The female antenna expresses transcripts for 58 conventional 
AgOrs whose levels are significantly enhanced over the body, while the 
female palp expresses only 3. Furthermore, the odorant response profiles 
of the palp- expressed AgOrs8 and 28 are also vastly different from the 
de-orphanized antennal AgOrs (Lu et al., 2007; Carrey et al., 2010; Wang 
et al., 2010). These differences in AgOr coding capacity and their 
expression profiles strongly suggest that the ability of the female antennae 
to sense odors is much greater than the maxillary palp.  
In An. gambiae females both the antennae and maxillary palps 
expressed 21 AgObp family members with an RPKM >10, of which 19 
were found in both (Figure 13). While not all of these AgObps’ abundance 
levels meet our significance criteria for enhancement, these genes are 
nevertheless expressed in these tissues. Thus although the AgObp 
complexity is almost identical, these two appendages, display a vastly 
different AgOr complexity and odor coding capacity (odor space). This 
analysis confounds standing theories about Obp function; if all antennal 
Obps are required for signaling, then their presence in the palp, with its 
much more limited odor space, would appear superfluous. Given this 
broad expression, and a demonstrated lack of functional overlap, this 
analysis instead suggests that in at least some instances, Obps act as 
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low-pass filters for environmental odorants rather than as specific odorant-
carrier agents. Therefore, Obps may act to solubilize odors in some cases, 
but as molecular sinks in others, adding yet another dimension to 
peripheral odor coding. 
 
Diverse Roles for Chemosensory Tissues 
To explore the effect of morphology on observed AgOr expression, 
we attempted to normalize sex-specific differences in transcript 
abundance by scaling up male AgOrs in proportion to the number of 
female chemosensilla. AgOrs are known to be expressed in the trichoid  
sensilla, the predominant sensillar type and not in grooved peg sensilla 
(Pitts et al., 2004). Sensilla counts indicate that female antennae house an 
average of 630 trichoid sensilla while male antennae house an average of 
225 trichoid sensilla (Pitts and Zwiebel 2006; McIver et al., 1982; Ismail 
1964). We therefore multiplied the male AgOr RPKMs by a factor of 
630/225 or 2.8. After normalizing, AgOr expression profiles were 
qualitatively very similar in females and males (Figure 14), although the 
male AgOr RPKM values remained lower than those in females. Based on 
the same logic, we also normalized AgIr expression in male antennae 
(Figure 14). Because we postulated that AgIrs are localized in neurons 
housed in grooved peg sensilla (GP) as they are in D. melanogaster 
(Benton et al., 2009; Liu et al., 2010), we used a GP normalization factor 
of 4.2, which is the fold difference in GP numbers between female and 
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Figure 13. AgObp Expression Profile. Left panel is an expression profile 
map. Green color intensity scale (below map) indicates increasing RPKM 
values from left to right. Column labels same as Figure 9. Middle panels – 
volcano plots showing the relative abundance of AgObps in body versus 
antennae. Individual data points were plotted at the intersection of the 
log10 of Fisher’s exact test (y-axis) with the log2 of the ratio of antenna (or 
palp) RPKM: body RPKM (x-axis) for each gene. Red diamonds or blue 
circles represent significantly enhanced AgObps in antenna (top panel) or 
maxillary palps (bottom panel) of females and males, respectively. Gray 
points represent AgObps that fell below the significance threshold of 
3.91e-06 or the 2-fold differential expression cutoff. RPKM values of 0.00 
were transformed to 0.10 prior to calculating expression ratios, such that 
those genes could also be represented on the plot. Right panels – Venn 
diagrams showing the number of AgObps that are significantly enhanced 
in female and male antenna (top) or palp (bottom). 
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male An. gambiae antennae (McIver 1982). As with AgOrs, the AgIr gene 
expression patterns were qualitatively similar in both sexes after 
normalization (Figure 14). These results suggest that male antennae 
express similar AgOr and AgIr chemoreceptor repertoires as the female 
antennae, although, importantly, at reduced absolute levels. 
The AgOr and AgGr abundance profiles in the maxillary palps 
support a similar conclusion. Although AgOrs 7, 8, and 28 and AgGrs22-
24 were enhanced in both sexes, their abundance levels were lower in 
males than in females (Figures 10 and 12). As is the case for An. gambiae  
antennae, the maxillary palps are sexually dimorphic and in males they 
house about 4-fold fewer chemosensilla (McIver 1982; Lu et al., 2007). 
This could account for the apparent lower chemosensory gene transcript 
abundances in males. Normalizing male palp AgOrs and AgGrs by this 
factor brings their absolute RPKM values closer to those of females, but 
does not affect the qualitative observation that the identical 
chemoreceptors are enhanced there (data not shown). The same can be 
said for AgObps in the antennae and maxillary palps (Figures 11 and 13), 
where this gene family is generally more enhanced in females than in 
males. Assuming that the transcript abundance profiles seen here are 
meaningful at the functional level, both sexes would potentially be 
receptive to a qualitatively similar odor space, with females perhaps 
having a lower threshold response to odors and thus greater 
chemoreceptive power. In either case, the aforementioned differences in 
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Figure 14. Sensilla-normalized AgOr and AgIr Expression Profiles. 
Expression profile maps using a green color scale to represent RPKM 
values for AgOr (top panel) and AgIr (bottom panel) families. MA – male 
antenna RPKMs. FA – female antennae RPKMs. MA norm – male 
antenna normalized RPKMs. Male antennae AgOrs were scaled up by a 
factor of 2.8. Male antennae AgIrs were scaled up by a factor of 4.2. 
Scales shown below expression maps. Color scales shown below maps 
indicate increasing RPKM values from right to left. 
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gene abundance profiles could also be functionally relevant and serve as 
the basis for distinguishing qualitatively and quantitatively female and 
male chemosensory abilities. These competing hypotheses are directly 
testable using a combination of electrophysiological recording and 
behavioral response assays. Moreover, the requirement in 
chemoreception for any of the differentially expressed genes could 
potentially be explored by gene silencing. 
 
AgOr Expression in Male Bodies 
We observed enhanced expression of a small number of AgOrs in 
male bodies as compared to antennae or palps (Figure 15). When we 
compared the AgOr expression patters in male and female bodies directly, 
a surprising result appeared. 5 AgOrs (7, 13, 15, 24, and 35) were 
enhanced in male bodies. This raises the exciting possibility that males 
have a cryptic chemosensory capacity that is lacking in females. 
Interestingly we were able to amplify both AgOr7 and AgOr35 in RT-PCRs 
using cDNA isolated from male reproductive tissues (Figure 16). This is a 
potentially important outcome of our analyses and indicates another level 
of discovery that whole transcriptome surveys can provide. Further study 
is required to elucidate the nature of this difference, but we speculate that 
AgOrs might be expressed in sperm and mediate chemotaxis toward 
spermatheca or oocytes. Such mechanisms are thought to be important in 
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mammals, where sperm have been shown to express odorant receptors 
and chemotax toward their cognate ligands (Spehr et al. 2004; 2006). 
 
CONCLUSION 
We are interested in understanding the molecular components of 
the chemosensory pathways that distinguish blood-feeding, female 
mosquitoes that carry out disease-transmission and males that do neither. 
Considerable effort has been devoted to catalog the semiochemicals 
released by potential blood-meal hosts that act as attractive signals for 
female mosquitoes (Takken and Knols 1999; Zwiebel and Takken 2004) 
as well understand the odorant response profiles of AgOrs (Lu et al., 
Carey et al., 2010; Wang et al., 2010). Differential gene expression 
between the sexes may serve as a potential mechanism for modulating 
peripheral sensitivity. Thus we have carried out a comprehensive 
comparative analysis of the chemosensory transcriptomes of adult male 
and female An. gambiae. In addition to identifying genes that may function 
in sexually differential responses, this analysis has revealed many genes 
that are enhanced in the antennae and maxillary palps of both sexes and 
are therefore likely to play essential roles in maintaining neuronal and or 
chemosensory functionality. 
RNA sequencing has provided unparalleled resolution for the 
examination of global gene expression profiles in chemosensory tissues 
and bodies of an organism of great medical importance. By their very 
  
48 
nature, this data are not only broad, covering nearly the entire 
transcriptome of the organism, but deep, allowing one to observe not only 
gene expression patterns, but address questions regarding gene 
structure, alternative splicing, and polymorphisms to name just a few 
possibilities. This study has begun to explore the potential of this data set 
and establishes an important precedent in the use of RNA-seq for the 
study of chemosensation in a disease vector. 
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Figure 15. AgOr expression in An. gambiae bodies. RPKM values for 
AgOrs 7, 13, 15, 24, and 35 in female (red bars) and male (blue bars) 
bodies. 
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Figure 16. AgOr expression in An. gambiae male reproductive organs. 
Agarose gel showing RT-PCR amplicons for AgOrs 7 and 35 in female 
and male tissues. Arrows indicate expected sizes of cDNAs for AgOr7 
(346bp) and AgOr35 (526bp). Plus (+): amplification using cDNAs 
synthesized with reverse transcriptase. Minus (-): amplification using 
negative control cDNAs synthesized without reverse transcriptase. 
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CHAPTER II 
 
BLOOD MEAL-INDUCED CHANGES TO ANTENNAL 
TRANSCRIPTOME PROFILES REVEAL SHIFTS IN ODOR 
SENSITIVITIES IN THE MALARIA  
VECTOR MOSQUITO ANOPHELES GAMBIAE 
 
PREFACE 
The following manuscript by Rinker et al. was published in the May 
14, 2013 issue of The Proceedings of the National Academy of Sciences 
(doi: 10.1073/pnas.1302562110). My contribution to this work included 
experimental design, mosquito tissue dissections, data analysis, 
behavioral experimentation, figure preparation, and the drafting of the 
manuscript. 
 
INTRODUCTION 
Anautogenous female mosquitoes, including the malaria vector Anopheles 
gambiae, require a blood meal to complete each reproductive cycle [1]. 
The high degree of human biting displayed by An. gambiae  [2] and its 
competence for malaria parasite development make this species an 
enduring threat to human health in Africa and other parts of the world. 
Chemosensory inputs, most notably in the form of airborne kairomones, 
provide the principal sensory stimuli that drive An. gambiae blood meal 
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host detection and selection [3, 4]. Therefore it is of great interest to 
further elucidate the molecular basis of olfactory driven behaviors in 
disease-transmitting mosquitoes.  
 
Host-seeking in mosquitoes is episodic and activity patterns vary between 
species [1]. Some species, such as An. gambiae, display distinctively 
nocturnal biting while others exhibit either crepuscular or day-biting habits 
[5]. Moreover, electrophysiological studies of both whole antennae and of 
individual odorant receptor neurons (ORNs) in several dipterans reveal 
time-of-day variability in responses to odor stimuli [6, 7]. Recently, diel 
variation was also observed to occur at the transcript level for several An. 
gambiae olfactory genes, including the highly conserved odorant receptor 
co-receptor, AgOrco, which displayed reduced abundance during times of 
day associated with behavioral inactivity [8]. Importantly, An. gambiae 
females are refractory to host odor stimulation for a prolonged period after 
a blood meal [9], which correlates with reduced electrophysiological 
responses to some odors during the same period [10]. Post blood meal 
reductions in olfactory responses have also been shown in the yellow 
fever mosquito, Aedes aegypti indicating that modulation of odor 
sensitivity may be a general characteristic of anautogenous mosquitoes 
[11]. 
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In recent years several chemosensory gene families have been identified 
in An. gambiae , including odorant (AgOr), gustatory (AgGr), and variant 
ionotropic glutamate (AgIr) receptors, as well as odorant binding proteins 
(AgObp) [12-15]. The characterization of An. gambiae chemosensory 
gene expression patterns in distinct tissues along with the heterologous 
deorphanization of receptor sensitivities has helped refine our 
understanding of the links between chemosensory behavior and signaling 
[13, 16-22]. The centrality of chemoreception to host-seeking behaviors, 
the shaping of the mosquito’s chemosensory receptive range by the 
distribution of differentially tuned chemoreceptors, and the blood-meal-
induced shift toward behaviors other than host seeking, suggest that 
expression dynamics of chemosensory genes presage overt behavioral 
phenotypes. Previous studies have already shown that the levels of 
mosquito chemosensory genes are affected by changing physiological 
conditions [8, 23-25]. Therefore, a more exhaustive exploration of 
antennal transcript modulation in response to blood feeding may provide 
new insights into the mechanisms of mosquito chemosensory driven 
behaviors central to disease transmission. To this end, we have 
sequenced mRNA isolated from An. gambiae antennae to compare the 
transcriptome profiles of non-blood fed versus blood-fed females over the 
two days following blood feeding. 
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RESULTS and DISCUSSION 
Blood feeding globally alters antennal transcript abundance  
In 10 antennal samples, transcripts for 8995 genes were reliably 
detectable above background levels. At any given time point 
approximately 5000 distinct transcripts displayed significant abundance 
differences between paired blood fed (Bf) and non-blood fed (nBf) 
samples. In addition, 169 transcripts displayed no detectable differences 
in abundance between the Bf and nBf groups at any of the five time points. 
A subset of these highly-stable genes is involved in basic cellular 
processes (e.g. dynein, actin) and many encode protein domains 
associated specifically with DNA binding (e.g. WD, zinc finger, and 
homeobox domains). Additionally, the An. gambiae orthologs of the fruit fly 
circadian genes period (AGAP001856), timeless (AGAP008288) and cycle 
(AGAP005655) displayed patterns of synchronous cycling within Bf and 
nBf cohorts. Notably at the 24h time point transcripts for both period and 
timeless were reduced in the Bf sample, a phenomenon previously 
documented in blood fed sandflies [26, 27]. These results further link 
physiologic state to peripheral clock gene regulation. 
 
To investigate the broad patterns of antennally-expressed transcripts, we 
conducted a cluster analysis of the 1235 genes which displayed at least 
an absolute two-fold change in abundance between Bf and nBf. A total of 
14 clusters, each of which comprised transcripts that shared a similar 
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differential expression profile, captured the prevalent types of variation 
observed in the samples (Figure 1). Most of the clusters included 
transcripts that varied significantly between Bf and nBf at only a single 
time-point, although several clusters revealed marked transcript variations 
across multiple time points. For example, cluster 1 comprised 712 
transcripts that were greatly enhanced in the 12 hour Bf antennae alone, 
while cluster 9 comprised 55 transcripts displaying marked enhancement 
in Bf samples across all 5 time points. 
 
Cluster 14 contained the fewest number of transcripts (5), all of which 
displayed very strong and sustained enhancements in the Bf samples yet 
were undetectable in their nBf counterparts. Interestingly, three of these 
transcripts encoded vitellogenin precursor proteins that are normally 
involved in oogenesis and expressed by fat bodies [28]. This cluster also 
included the transcripts for the trypsin and cysteine protease genes that 
are typically associated with blood digestion and are enriched in An. 
gambiae following a blood meal [23, 24]. Similarly, cluster 12 
encompassed significant enrichment in transcripts whose function is not 
usually associated with olfaction. This included transcripts for major royal 
jelly protein (AGAP005958), heme peroxidase (AGAP004038) and a 
homolog to the Drosophila gene Dmel\CG9629 (AGAP000881), all of 
which have been associated with dipteran ovaries or embryos [29, 30]. 
This may reflect induction by circulating signaling factors such as juvenile 
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hormone or 20-hydroxyecdysone, which can activate transcription in 
tissues where they would seemingly have no obvious function [28].  
 
 
Figure 1: Cluster analysis of differential transcript abundances: Fourteen 
groups of genes displayed similar patterns of significant degrees of fold-
change in transcript abundance between blood fed (Bf) and non-blood fed 
(nBf) samples over all 5 time points. Log2 fold change scale indicate 
transcript abundances that were significantly higher (yellow) or 
significantly lower (blue) in blood fed samples. Left panel—Patterns of 
differential transcript abundances within each of the 14 clusters is shown 
in columns for +1, +12, +24, +36, and +48 hours post-blood feeding. Right 
panel—Differential expression of individual genes within cluster number 
14 (upper), 13 (middle), and 12 (lower). Log2 scale at lower right indicates 
magnitude by with transcript abundances were significantly higher (yellow) 
or significantly lower (blue) in post-blood fed samples relative to non-blood 
fed samples. 
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The largest group of olfactory associated transcripts also appeared in 
cluster 12. These included a subset of oxidase/dehydrogenases that could 
serve as odor degrading enzymes [31] and 9 AgObps that were only found 
above the threshold of detection in the 36h Bf sample (Figure 1). While the 
exclusive expression of these AgObps in the later stages of the 
gonotrophic cycle may reflect their requirement for the onset of olfactory-
driven oviposition behaviors, it is notable that 7 of these AgObps belong to 
the “atypical” class of two-domain Obps [14] and were the only atypical 
Obps detectable within the antenna. Consequently, their dissimilarity to 
“classical” Obps coupled with their co-occurrence with transcripts not 
normally associated with olfaction, suggests that they might also be 
subject to global regulation and play their primary roles outside the 
antennae. 
 
A final cluster of particular interest was the set of 10 transcripts in cluster 
13 that displayed a strong, diel oscillatory abundance pattern that is phase 
shifted subsequent to blood feeding; this phase shift results in the 
differential expression pattern displayed by this cluster. The rhythmicity 
seen in these transcripts suggests that peripheral circadian clock genes 
may be involved in their regulation. It is well established that autonomous 
clocks operate in a number of peripheral insect tissues, including the 
antennae of D. melanogaster [32, 33] where odor sensitivity rhythms are 
affected by the circadian oscillator [34, 35]. While differential expression 
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analysis would not detect genes which cycle synchronously between Bf 
and nBf, the rhythmic pattern seen in cluster 13 is the result of a 
decoupling of diel rhythmicity between the Bf and nBf groups following 
blood feeding, possibly a result of the near doubling in the abundance of 
the clock ortholog (AGAP005711) within the Bf cohort.  
 
The functional implications of this cluster are further suggested by the 
presence of 5 opsin G protein-coupled receptors (GPCRs) and 2 arrestins. 
The presence of opsin transcripts in An. gambiae antennae was reported 
by our group previously [36] and three of the opsins in cluster 13 (AGAPs 
13149, 12985 and 12982) have high sequence similarity to D. 
melanogaster opsins, Rh6 and ninaE. Both genes have been associated 
with non-visual sensory modalities in D. melanogaster, Rh6 with audition 
[37] and ninaE with 18-24oC temperature discrimination in larvae [38]. 
While it is unclear what role audition may play in post blood feeding 
behaviors, the differential abundance of opsins may be indicative of shifts 
in the thermal preferences of An. gambiae females which tend to rest in 
cool spaces following blood feeding [1]. 
 
More provocatively, these GPCRs may be involved in olfactory signal 
transduction within ORNs. Light-dark behavior cycles in adult mosquitoes 
are likely tied to circadian oscillators that, as discussed above, show 
strong and consistent variations in light-dark expression patterns across 
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all time-points. Moreover, in all samples the abundance pattern of Gq 
followed that of the transcripts in cluster 13. Isoforms of Gq subunits 
have been immunolocalized within the antennal sensilla of An. gambiae 
[39] and have also been shown to strongly affect the electrophysiogical 
responses of D. melanogaster antenna to a variety of odors [40]. In as 
much as only the clock ortholog shows a strong change in transcript 
abundance in response to blood feeding, the expression pattern of this 
gene cluster may be the result of a simple regulatory mechanism that 
modulates the overall responsiveness of the antenna and gives rise to the 
diel- and blood feeding-dependent patterns of olfactory behavior and 
physiology. 
 
Chemosensory genes show subtle alterations 
Only a portion of the AgGrs, AgIrs, AgObps and AgOrs in the An. gambiae 
genome were detectable in the adult female antenna (Figure 2). Some of 
those undetected chemosensory genes have been previously associated 
with chemosensory tissues other than the antenna (e.g., palp, labellum) 
while others are known to be exclusive to the An. gambiae larval life-stage 
[17-20]. The general absence of most of the annotated AgObps is also 
consistent with our previous study that showed many AgObps to be highly 
enriched in the adult mosquito body rather than in chemosensory tissues 
[36]. 
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As revealed by the cluster analysis above, the AgObps displayed the 
greatest variation among the chemosensory genes during the two days 
following blood-feeding. Thirty-five AgObps were detectable in the female 
antenna and most of these were expressed at very high levels, ranking 
among the most highly expressed genes in the antenna. Following blood-
feeding, the most abundant fifty percent of AgObps displayed pervasive 
de-enrichment across every time point except for 24h where the 
transcripts for nearly every AgObp showed enrichment in the blood fed 
cohort (Figure 2A), suggestive of the recovery of the molecular apparatus 
of olfaction. 
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Figure 2: Antennal chemosensory transcript abundances following a 
bloodmeal. Chemosensory transcripts that were represented at 
significantly higher (yellow) or lower (blue) values in post-blood fed 
samples; non-differentially expressed chemosensory transcripts are 
denoted as zeros (black). Genes within each chemosensory gene family 
are arrayed left to right from most abundant to least based upon 
abundance levels seen within the 1 h Bf cohort. A. Odorant binding protein 
family (AgObp). B. Chemoreceptor families. Top panel, left – variant 
ionotropic receptor family (AgIr) with the 3, AgIr co-receptors on the left 
(red); Top panel, right – gustatory receptors (AgGr); Lower panel –odorant 
receptor family (AgOr) with the AgOr co-receptor (AgOrco) on the left (red). 
All transcripts were ordered L-R from highest to lowest RPKM values 
(quartile bars above or below each panel). Log2 scales indicate transcript 
abundances that were significantly higher (yellow) or significantly lower 
(blue) in post-blood fed samples. Note different scales for AgOr/AgIr and 
AgObp panels. 
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The other notable enrichment among AgObps occurred at 36h in the Bf 
cohort when 9 otherwise undetectable AgObps all spiked in abundance. 
Given the close physical proximity of these AgObps on either 
chromosome 2R (AgObps 13, 39, and 40) or the X chromosome (AgObps 
34, 35, 36, and 37), it is likely that these AgObps share common 
regulatory elements. This observation is entirely consistent with previous 
observations of high levels of these aytpical AgObps in whole mosquitoes 
following bloodfeeding [23]. Inasmuch as those AgObps that have been 
characterized as playing a functional role in olfaction [41] show continually 
high abundance in the antenna throughout our analyses, the transitory 
appearance of transcript for these 9 AgObps is likely the result of a more 
global, organismal-level regulation of transcription.  
 
In contrast to the AgObps, transcripts for the antennal chemoreceptors 
displayed less dramatic changes in their levels between the Bf and nBf 
cohorts. The antennal AgGrs were both the least abundant chemoreceptor, 
consistent with their primary role in contact chemosensation [42, 43]; the 
AgGrs also showed the least variation in response to blood feeding. 
Similarly, the AgIrs and AgORs appeared to remain relatively stable, with 
the chemoreceptor co-receptors of these classes (AgIr8a, AgIr25a, 
AgIr76b and AgOrco) displaying uniformly high and invariant transcript 
levels between the Bf and nBf samples (Figure 2B). However, in contrast 
to their co-receptors, transcripts for individual AgIrs and AgOrs showed a 
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pervasive pattern of depletion in the Bf cohort interspersed by select 
instances of enrichment (Figure 2B). Moreover, the overall rank order of 
the AgIrs and AgOrs shifted following the blood meal, indicating a 
temporary reshuffling in the relative abundances of individual 
chemoreceptors over the days following a blood meal. In Drosophila, 
individual ORNs are known to express multiple Irs [42] and Ors [44], and 
the observed shifting in rank measured here order could reflect fluctuating 
receptor levels within individual ORNs, perhaps effecting subtle shifts in 
their responsive range of the antenna following a blood meal. This 
explanation would also be in agreement with electrophysiological studies 
that indicate some antennal sensilla in An. gambiae temporarily change 
their odorant response profiles following a blood meal [45]. Taken together, 
these data suggest that blood-feeding may have significant and complex 
consequences for chemoreception. While the overall density of 
chemoreceptors in the antenna appears fixed, the composition appears to 
functionally change in response to blood feeding, such that subtle 
changes in abundance levels of a subset of chemoreceptors may 
transiently modulate the sensitivity to select chemicals (Figure 2B). 
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Integration of physiologic data reveals post-blood feeding shift in 
antennal odor receptivity  
In contrast to other chemosensory receptors, a significant number of 
AgOrs have been functionally characterized with regard to their 
responsiveness to a representative panel of odorant molecules [21, 22]. 
Given that the electrophysiologic responsiveness of mosquito 
chemosensory sensilla changes in accordance with even small changes in 
the measured abundance of chemoreceptor as assayed by RNAseq [46], 
this dataset affords us a powerful means to contextualize the 
responsiveness of deorphanized AgOrs within the mosquito antenna. By 
weighting the odor-response data with our measured transcript abundance 
levels we were able to calculate the relative modulation of the cumulative 
receptor responses to each odorant. The result was a hypothetical 
illustration of how fluctuations in AgOr expression levels might affect the 
odorant response spectrum of the adult female antenna following blood-
feeding (Figure 3). 
This analysis suggested that at 1h post blood meal, the weighted odor 
response profile remained very similar between the Bf and the nBf 
mosquitoes and at 12 h post blood-meal the Bf cohort displayed an overall 
decrease in calculated odor responsiveness to all 69 odorants (Figure 3). 
This trend was seen again at both the 36h and 48h time points. For 
example, at 12h post blood-feeding, the largest sensitivity depletions to 
odorant occurred with respect to linalool-oxide and secondly to 1-octen-3- 
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Figure 3: Changes in AgOr mediated odorant receptivity following a 
bloodmeal. Conceptualized differences in antennal receptivity for a panel 
of 69 odors in post-blood fed (Bf) vs. non-blood fed females (nBf). 
Response characteristics to each chemical were based upon known AgOr 
responses in heterologous expression systems and then weighting the 
responses by the relative antennal expression levels for each responding 
receptor. Results are sorted from high to low, based upon the receptivity 
displayed by the 24h post blood feeding time point. Scale bar – calculated 
increases (yellow) and decreases (blue) in odor receptivity.  
 
ol. Linalool-oxide is a flower associated aromatic and is likely involved in 
the flower feeding behavior of all adult mosquitoes; importantly it along 
with 1-octen-3-ol are also characterized components of human skin 
emanations [47, 48]. Moreover, 1-octen-3-ol has been widely 
characterized as a host-associated semiochemical for both Culcidae in 
general and Anophelinae in particular [49, 50]. Both 36h and 48h time 
points also show a generalized diminution in scaled odor receptivity in the 
blood fed group. This general shift away from most odorants including 
+30%-30%
Receptivity change (Bf:nBf)
2-propylphenol
4-methylcyclohexanol
1-hexen-3-ol
2-acetylthiophene
linalool-oxide
1-hepten-3-ol
L(+)-lactic-acid
1-octen-3-ol
phenethyl-acetate
4-ethylphenol
hexanal
benzyl-acetate
(+)-fenchone
6-methyl-5-hepten-2-one
3-methyl-2-cyclohexenol
2,3-butanedione
cyclohexanone
nonanal
methyl-octanoate
3-methyl-1-butanol
geranyl-acetate
3-octanone
(-)-fenchone
citronellal
2-ethyl-1-hexanol
ethyl-butyrate
ethyl-hexanoate
geranyl-acetone
Z3-hexenol
heptanal
2-ethyl-toluene
E2-hexenal
1-pentanol
1-hexanol
1-butanol
Z2-hexenol
thiazole
2-heptanone
amyl-acetate
ammonia
indole
(-)-carvone
4-methylphenol
2-ethylphenol
phenol
isoamyl-acetate
2-butanone
ethyl-propanoate
ethyl-acetate
3-methylphenol
4-methylthiazole
2-methylphenol
benzaldehyde
methyl-propanoate
2-acetylthiazole
ethyl-formate
isobutyl-acetate
2-nonanone
3-methylindole
2-ethoxythiazole
2-iso-butyl-thiazole
4,5-dimethylthiazole
acetophenone
2,4,5-trimethylthiazole
propyl-acetate
2-acetylpyridine
methyl-salicylate
methyl-benzoate
methyl methylbenzoate
1 12 24 36 48
hours pbf
1 12 24 36 48
hours pbf
1 12 24 36 48
hours pbf
 74 
some host cues would be in keeping with the observed refractory period in 
host seeking following a blood meal. Moreover, given the relative stability 
of AgOrco abundance, this reduction in overall receptivity would 
accomidate an enhanced receptivity to a select group of odorants. 
 
Indeed, at 24h post blood feeding the calculated responsiveness to a 
discrete set of odorants appeared to increase in the Bf sample (Figure 3). 
A ten to twenty percent increase in enhanced receptivity is observed for 
the compounds 2-iso-butyl-thiazole, 1-hexen-3-ol, 4-methylcyclohexanol, 
and 2-propylphenol (Figure 3). Of the odors to which blood fed females 
appear to have increased their receptivity, at least 10 have been classified 
as attractive semiochemicals, half of which are general oviposition 
attractants, and four of which have been characterized oviposition 
attractants in mosquitoes specifically [21, 51, 52]. In contrast, longer chain 
esters have been implicated as oviposition repellants in some mosquito 
species [53] and the only relative receptive increase to esters in this 
analysis occurs with methyl-octanoate, the longest chain ester assayed. 
This analysis shows a focused enhancement in the receptivity of the 
antenna that is initiated at the transcriptional level some 24h after taking a 
blood meal. Because several of the odorants to which the antenna 
becomes more attuned have been previously implicated in mosquito 
oviposition behavior, this analytical approach suggests that the act of 
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blood feeding may up-regulate a select subset of AgOrs in anticipation of 
the gravid female’s need to choose an oviposition site. 
 
To test the hypothesis that the odors displaying increased receptivity are 
related to oviposition, we conducted dual choice oviposition assays using 
the top two compounds showing enhanced receptivity in the Bf cohort at 
the 24h timepoint (2-propylphenol and 4-methylcyclohexanol). In a series 
of 18 oviposition assays, An. gambiae females displayed a significant 
aversion to 4-methylcyclohexanol (p<0.001; Figure 4). Contrastingly, , An. 
gambiae females displayed a robust preference for 2-propylphenol, 
choosing that compound over untreated water 68 percent of the time in a 
series of 24 oviposition assays (p<0.001; Figure 4). To the best of our 
knowledge, there are no known unitary odors that act as an oviposition 
cue for Anopheline mosquitoes, nor has 2-propylphenol been previously 
characterized within the context of insect behavior. This observation not 
only demonstrates that 2-propylphenol is strongly attractive to gravid, 
ovipositing An. gambiae females, it also serves to support the 
interpretation of the receptivity analysis carried out here.  
 
Extending upon these results, we would suggest that AgOrs that were 
significantly enriched in the Bf cohort at the 24h time point (e.g. AgOrs45, 
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Figure 4: Dual choice oviposition assay. Top—Schematic diagram of 
oviposition preference bioassay cage for dual choice test. Gravid females 
are held in releasing chamber (a) and allowed to enter assay cage (b) 
after the dark cycle begins by opening a pathway (c) connecting the 
releasing chamber to the assay cage. Females are allowed to choose 
between two oviposition cups (d) containing either test water or control 
water. Ten females are released per cage and represent a single assay. 
Bottom—Gravid female responses to a choice of either water vs. water 
(left),water vs. 2-propyl phenol (middle) or 4 methylcyclohexanol (right). Y-
axis reports proportion of total eggs oviposited in either untreated water 
(light grey bar) or treated water (dark grey bar). All compounds were 
tested at a concentration of 10-4M. Number of dual choice assays is 
indicated along the bottom axis. Error bars show standard error of the 
mean. 
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AgOr73, AgOr66, AgOr11) may be centrally involved in mediating 
oviposition behaviors in An. gambiae. However it should be noted that 
because individual AgOrs respond to multiple ligands and individual 
ligands can activate multiple AgOrs, examining any given AgOr without 
regard to the full diversity of expressed chemoreceptors is unlikely to 
provide a complete picture of peripheral chemical receptivity. Importantly, 
the receptivity analysis presented here takes both considerations into 
account and suggests that even small changes in the chemosensory 
transcriptome profile can produce additive and biologically significant 
effects when analyzed within the context of odorant receptivity. This has 
revealed a pattern of small changes in chemoreceptor levels that 
appeared to combine to saliently shift the receptive profile of the An. 
gambiae antenna in a manner consistent with the transition from host-
seeking to oviposition behaviors. 
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METHODS 
Mosquito rearing and bloodfeeding: An. gambiae sensu stricto (SUA 
2La/2La), an M-form isolate originating from Suakoko, Liberia [54] were 
reared in the Vanderbilt Insectary Facility as described previously [36].  
RNA isolation and RNA sequencing: Over the two days following 
bloodfeeding, approximately 200 female mosquitoes were collected from 
each cohort at each of the five sequential, post bloodfeeding time points 
(1h, 12h, 24h 36h, and 48h). mRNA was sequenced in 100bp, paired-end 
fashion, on a single lane of an Illumina HiSeq2000 
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CHAPTER III 
 
ANTENNAL TRANSCRIPTOME PROFILES OF ANOPHELINE 
MOSQUITOES REVEAL HUMAN HOST OLFACTORY 
SPECIALIZATION IN ANOPHELES GAMBIAE 
 
PREFACE 
The following manuscript by Rinker et al. was published in BMC 
Genomics on November 1, 2013 (doi:10.1186/1471-2164-14-749). My 
contribution (co-first author) to this work included experimental design, 
mosquito rearing, mosquito tissue dissections, data analysis, figure 
preparation, and the drafting of the manuscript. 
 
INTRODUCTION 
Anopheles gambiae sensu stricto is the major sub-Saharan vector 
for the human malaria parasite Plasmodium falciparum and the 
nominotypical member of a set of morphologically indistinguishable 
species that comprise the Anopheles gambiae complex [1]. The two 
molecular forms of An. gambiae s. s. (M and S), along with Anopheles 
arabiensis, constitute the major malaria vectors within this species 
complex. Despite their close evolutionary relationship, other members of 
the complex display either little (Anopheles merus, Anopheles melas and 
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Anopheles bwambae) or no (Anopheles quadriannulatus A and Anopheles 
quadriannulatus B) vectorial capacity for human malaria [2]. 
Interestingly, the sole non-vector member of this species complex, 
An. quadriannulatus nevertheless is competent for P. falciparum infection 
[3, 4] and molecular evidence suggests that the karyotype for this species 
derived directly from that of the main vector An. gambiae s. s. [5]. 
However, An. quadriannulatus is still considered to be a non-vector 
because its zoophagic [6, 7], or at least highly opportunistic [8], host-
preference effectively disrupts the human-to-human cycle of transmission 
required by P. falciparum. In contrast, female An. gambiae s. s. are 
especially efficient at transmitting human diseases because they 
preferentially obtain blood meals from human hosts, a behavioral trait 
believed to be (anthrophagy) of relatively recent origin [9, 10].  
Host seeking in mosquitoes is strongly influenced by olfactory and 
other sensory cues transduced by a variety of proteins that comprise the 
relevant transduction pathways [11, 12]. In mosquitoes, olfactory genes 
are expressed in and around olfactory receptor neurons (ORNs) that are 
themselves contained within specialized chemosensory tissues and 
structures [13-18]. In most arthropods, ORNs are most highly 
concentrated within the antenna and in mosquitoes, modulation of 
antennal ORN physiology has been correlated with some behavioral 
phenotypes [19, 20]. The expression patterns of these genes along with 
the heterologous deorphanization of odor sensitivities of the sensory 
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receptors that are central to these processes have helped refine our 
understanding of the links between chemosensory driven signaling and 
behavior [13, 15, 21-26]. Therefore, there is reason to suspect that 
species-specific, phenotypic variation between olfactory mediated 
behaviors may be informed by examining variation displayed by 
chemosensory genes, in terms of both molecular sequence and transcript 
abundance [27-29]. 
Several chemosensory gene families have been identified in An. 
gambiae, including odorant (Agam\Ors, hereafter referred to as AgOrs), 
gustatory (Agam\Grs, hereafter referred to as AgGrs), and variant 
ionotropic glutamate (Agam\Irs, hereafter referred to as AgIrs) receptors, 
as well as odorant binding proteins (Agam\Obps hereafter referred to as 
AgObps) [22, 31-33]. These large multigene families encode proteins that 
are likely to account for the majority of chemical sensitivities in adult 
peripheral sensory appendages. For example, most AgOrs are transcribed 
in the antennae [21, 27] and transcript abundances of many AgOrs are 
altered following a bloodmeal [28]. Furthermore, examination of AgOr 
response profiles in heterologous expression assays has identified 
numerous compounds from diverse chemical classes that are known 
activators of ORNs and behavioral attraction [25, 26, 34]. For example, 
among the recognized AgOr ligands are components of human sweat that 
have been implicated in An. gambiae host-seeking [35-38]. These 
alterations in AgOr transcript abundance in response to specific cues lead 
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to apparent shifts in the potential receptivity of female antennae, including 
an enhancement of the response to 2-propylphenol, a compound that can 
act as an oviposition stimulant [28]. 
Most AgGrs, like their D. melanogaster counterparts, are assumed 
to encode receptors for sweet and bitter compounds as well as for other 
tastants [22, 39]. However, transcripts for a small number of AgGrs are 
also enhanced in adult antennae where they may function in volatile 
chemical reception [27]. Moreover, three of the AgGrs encode palp-
expressed receptors for carbon dioxide, an important activator of upwind 
flight in female mosquitoes [7, 23, 40]. 
While the AgIrs have not been fully characterized, many members 
of this gene family are expressed in adult appendages [27]. Based on their 
functions in An. gambiae larvae [32] and homologies to Drosophila 
melanogaster DmIrs [33, 41], the AgIrs are potential receptors for amines 
and acids which comprise host kairomones whose ORN sensitivities are 
housed in the basiconic, or grooved peg, antennal sensilla [19]. Several 
AgIrs show reduced transcript abundance following a bloodmeal, leading 
some to hypothesize this chemoreceptor family may also contribute to the 
observed host-seeking refractoriness in recently-bloodfed females [28]. 
AgObp transcripts are broadly present in adult head appendages at 
very high levels [16, 27, 42]. In addition, transcripts for many AgObps are 
specifically enhanced in body tissues, where their function remains 
uncharacterized. Nonetheless, knockdowns of antennal-expressed Obp1 
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in mosquitoes leads to impaired indole responsiveness and indicates that 
OBPs function in mosquito peripheral odor sensitivities [43, 44].  
To test whether phenotypic host preference may be associated with 
the peripheral expression profiles of chemosensory genes such as 
chemoreceptors and Obps, we have isolated and sequenced mRNA from 
the antennae of An. gambiae and An. quadriannulatus to compare their 
transcriptome profiles in non-blood fed, female mosquitoes. We found that 
while there were high levels of similarity in the type and number of 
chemosensory genes detectable in the antennae of both species, there 
were significant divergences at both the molecular and transcriptional 
levels. Furthermore, differences in the antennal chemoreceptor 
composition, most notably within the OR family, appeared to express a 
subset of the An. quadriannulatus chemosensory repertoire within An. 
gambiae, that may be particularly refined for the detection of human 
associated host cues. 
 
RESULTS and DISCUSSION 
 
An. gambiae and An. quadriannulatus share highly similar 
chemosensory gene repertoires  
We first compared the number of chemosensory genes in the 
genomes of An. gambiae and An. quadriannulatus. While the size and 
composition of An. gambiae chemosensory gene families have been 
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reported previously [22, 27, 31], little is known about An. quadriannulatus 
since its genome sequence has only recently become publically available 
(https://olive.broadinstitute.org/projects/anopheles). To fully characterize 
the chemosensory repertoire in An. quadriannulatus, we conducted 
exhaustive and iterative searches for homologs of known insect 
chemosensory genes using a rigorous pipeline and carefully annotated 
gene models [45] (see Materials and Methods). The same procedure was 
also applied on An. gambiae to eliminate potential bias introduced by gene 
annotation. In total, we identified 74 ORs, 60 GRs, 43 IRs, and 75 OBPs in 
An. quadriannulatus, as well as 75 ORs, 61 GRs, 46 IRs, and 80 OBPs in 
An. gambiae (Figure 1). 
Comparison of the An. gambiae and An. quadriannulatus 
annotations revealed the presence of a relatively stable overall number of 
chemosensory genes in the two species, which suggests that their 
repertoires are fairly conserved; although we cannot entirely rule out the 
hypothesis of rapid underlying gene turnover despite that the total gene 
number has remained unchanged. To distinguish between these two 
scenarios, we further investigated the evolutionary dynamics of 
chemosensory genes in An. gambiae and An. quadriannulatus. Based 
upon our phylogenetic analysis, chemosensory genes can be classified 
into 253 orthologous groups (OGs), including 75 OGs of ORs, 61 OGs of 
GRs, 43 OGs of IRs, and 74 OGs of OBPs (Figure 1), where each OG 
represents a single gene in the most recent common ancestor (MRCA) of 
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Figure 1. Chemosensory gene repertoires of An. gambiae and An. 
quadriannulatus. The numbers of An. gambiae and An. quadriannulatus 
chemosensory genes annotated in this study (ovals). The estimated 
numbers of chemosensory genes in the most recent common ancestor 
(MRCA) of the two species (boxes). The numbers along vertical arrows 
indicate the estimated numbers of gene gain (+) and loss (-) events. The 
red and blue schematic arrows indicate the host preferences (red: 
anthropophagic, blue: zoophagic) of An. gambiae and An. quadriannulatus 
 
the two species. In this view, the eestimated number of chemosensory 
genes in the MRCA is nearly identical to the number we observe in the 
two present species (Figure 1). Furthermore, the vast majority of OGs are 
comprised of one gene from each species; only 12 of the 253 OGs show 
evidence for one or two gene gain or loss events (Figure 1). Taken 
together, these data support the hypothesis that the chemosensory gene 
repertoire has been stable following the speciation of An. gambiae and An. 
quadriannulatus. 
Rapid gene birth-and-death is a signature feature of the molecular 
evolution of insect chemosensory genes [45], as revealed by comparisons 
of species with various levels of relatedness and varying reliance on 
chemosensation. Lineage-specific variations in the size of chemosensory 
 93 
families are usually correlated with altered requirements on 
chemosensation posed by changes in life style and ecology [47, 48]. As 
shown in the comparative studies of generalist and specialist sister 
species in Drosophila, D. sechellia likely underwent dramatic host 
specialization after its divergence from the generalist D. simulans [49-52]. 
This behavioral change was accompanied by both an accelerated rate of 
gene loss and an elevated level of sequence divergence of chemosensory 
receptors of D. sechellia, likely reflecting a reduced, but more focused 
chemosensory capability due to the more restricted host range associated 
with geographic isolation [49-52]. 
In contrast, our comparison of the four chemosensory families 
between the anthropophilic mosquito An. gambiae and its zoophilic sibling 
An. quadriannulatus, revealed only slight variations in gene number. 
Indeed, the two species differ by only one gene in both OR and GR 
families although these two types of receptors are vital for mosquito host 
seeking and preference. Among other chemosensory genes, the three An. 
gambiae specific IR duplicates belong to the subfamily of “divergent IRs” 
which are most abundant outside antennae [27, 32, 33]; there is a paucity 
of functional information for the OBPs that have been duplicated or lost, 
thus a rationale for these events remains elusive. 
This discrepancy in the evolutionary pattern could be due to several 
factors. Firstly, the divergence of An. gambiae and An. quadriannulatus is 
estimated to have occurred very recently, as little as only several 
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thousand years ago [10, 53], coinciding with the increased availability of 
human hosts that paralleled the growth of agriculturally-based 
communities; this is significantly less than the ~0.5 million years 
separation of D. sechellia and D. simulans [54]. Our results suggest that 
different modes of chemosensory gene evolution have played major roles 
at different time-scales; genomic changes at levels other than gene copy 
number are likely to have rapidly driven the behavioral divergence 
between the two mosquitoes over a very short period of time. Moreover, 
the zoophagy of An. quadriannulatus likely represents the ancestral state 
and An. gambiae acquired the preference for humans later [9]. It has been 
suggested for phytophagous insects that the specialization to a fraction of 
its ancestral host range usually involves altered sensitivity to odors for 
both previous and new hosts (for preference) [55]. Similarly, the 
adaptation of An. gambiae to human hosts may have required more acute 
responses to both attractants of human origin and deterrents of animal 
origin in comparison to An. quadriannulatus. Such differences could have 
been achieved either by functional divergence or by differential 
expression/abundance of orthologous chemosensory genes between the 
two mosquitoes, or both.  
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Figure 2. Evolutionary rates of anopheline chemosensory genes. Box 
plots of (A) protein distances and (B) dN/dS ratios between orthologous 
pairs of OR, GR, IR, and OBP genes. Orthologous gene pairs delineated 
from An. gambiae genome and An. quadriannulatus transcriptome 
assembly were used as control. Wilcoxon rank sum tests showed that 
evolutionary rates were significantly different between chemosensory 
gene families and the control (* denotes p-value < 0.001). Outliers (circles) 
are shown for chemosensory gene families but not for the transcriptome 
background due to their large numbers. Ortholog pairs having a dN/dS 
value greater than one are noted in red. 
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Chemosensory genes underwent rapid sequence evolution 
Our overall comparison of chemosensory genes between An. 
gambiae and An. quadriannulatus raises the possibility that, given the rate 
to synonymous substitution rate (dN/dS ratio), which estimates the largely 
shared repertoire, the functional divergence between orthologs may be an 
important factor underlying the shift in host preference. That said, the lack 
of any structural insight and functional data for most chemosensory genes 
hinders a direct comparison of ligand sensitivities between orthologous 
genes. However, the role of functional divergence can still be assessed in 
part by examining the pattern of chemosensory gene evolution at the 
sequence level. To begin to address this, we investigated the evolution of 
each of the 241 one-to-one orthologous pairs of chemosensory genes by 
using two metrics: (1) the rate of amino acid substitution (protein distance), 
which represents the rate of protein sequence divergence; and (2) the 
ratio of non-synonymous substitution  influence of natural selection on 
protein coding sequences. 
As shown in Figure 2, while there are considerable variations in 
evolutionary rates among chemosensory genes, all four chemosensory 
families have significantly higher median values of protein distance and 
dN/dS ratio as compared to other genes, suggesting that chemosensory 
genes as a whole evolved more rapidly than their respective transcriptome 
backgrounds. Among gene families, the IRs display the highest median 
values of both measurements, mostly driven by the “divergent IRs”, 
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followed by ORs and GRs. While OBPs appear to have somewhat overall 
lower evolutionary rates, some of the most rapidly evolving chemosensory 
genes are also found in this family. Within each family, genes are broadly 
distributed across the range of protein distance and dN/dS ratios. While 
genes encoding OR and IR co-receptors and GR carbon dioxide receptors 
show extremely low evolutionary rates, there are 3 genes with dN/dS 
ratios > 1 (Gr3, Ir139, and Obp15), and a number of others with dN/dS 
ratios around 0.5. While large dN/dS ratios (> 1) are considered to be 
evidence for positive selection, intermediate values may indicate relaxed 
purifying selection, or they could reflect positive selection on a fraction of 
the gene sequence. 
These two measurements of evolutionary rate show an overall 
positive correlation in all four chemosensory families (Figure 3). However, 
there are also multiple examples where orthologous   
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Figure 3. The two measurements of evolutionary rate are positively 
correlated in all chemosensory gene families. Scatter plots of protein 
distance and dN/dS ratio for orthologous gene pairs in each of the OR (A), 
GR (B), IR (C), and OBP (D) families. Spearman’s correlation (rho) 
between protein distances and dN/dS ratios are shown for each family. 
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gene pairs display high dN/dS ratios but only a small number of amino 
acid changes (e.g. Or24, Or36, Gr3, Gr57, and Ir141). These genes are 
most likely the result of positive selection; while both positive selection and 
relaxed purifying selection can lead to elevated dN/dS ratios, genes under 
relaxed purifying selection would also be expected to have a higher rate of 
amino acid substitution than is seen here.  
Genes under both types of selection represent potential candidates 
for genomic determinants of the behavioral and electrophysiological 
response differences between An. gambiae and An. quadriannulatus. 
Differential odor responses that are mediated by functional divergence of 
chemosensory genes would most likely require positive selection on 
genes that are responsible for the detection of human attractants and/or 
non-human deterrents, leading to increased sensitivity for these 
semiochemicals. On the other hand, receptors whose ligands include 
human deterrents and non-human attractants would possibly experience 
relaxed selective constraints as amino acid changes that attenuate these 
responses would be less deleterious or even beneficial. To look for 
additional evidence of functional divergence, we characterized the rate of 
conservative and radical amino acid substitutions and the distribution of 
these substitutions on the primary sequences of OR proteins. In contrast 
to conservative and typically neutral substitutions, radical amino acid 
substitutions are more likely to alter protein function; therefore the ratio of 
radical substitution rate to conservative substitution rate (dR/dC) is also a   
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Figure 4. Distribution of radical and conservative amino acid changes on 
predicted topological regions of OR genes. (A) Color coded representation 
of radical amino acid changes for each predicted topological regions of 
ORs. (B) Combined amino acid change per site for predicted 
transmembrane, intracellular, and extracellular regions. All values are 
averaged over all OR genes. 
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very useful measurement of selective pressure on protein evolution [56, 
57]. Using this metric, we identified dR/dC ratios > 1 for 6 Ors, 12 Grs, 4 
Irs, and 3 Obps, suggesting these genes might also be under positive 
selection. 
Insect OR genes encode 7 transmembrane (TM) proteins and at 
least one previous study has suggested that TM domains in OR proteins 
participate in receptor-ligand interaction [58]. On that basis, we performed 
topology predictions for all Ag/AqOrs and counted conservative and 
radical substitutions specifically within the predicted TM domain regions. 
In total, 56 out of 71 ORs have one or more amino acid substitutions in TM 
domains, including at least one radical substitution in 43 OR genes (Figure 
4). Inasmuch as negatively charged amino acids such as glutamic acid, 
asparagine, and tyrosine are involved in defining OR function [59], the 
frequency of replacements targeting these specific residues was also 
assessed. Indeed, 38 out of 71 OR proteins contain at least one 
substitution of a negatively charged residue and 6 ORs manifest these 
substitutions within predicted TM domains. Taken together, our 
comprehensive sequence analyses of chemosensory genes have 
identified multiple types of alterations that suggest that some degree of 
functional divergence may have occurred between these closely related 
sibling species of anophelines.  
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Chemosensory genes are differentially abundant between the two 
species 
To address the contribution of changes in chemosensory gene 
transcript levels to the behavioral differences between An. gambiae and 
An. quadriannulatus, we compared the antennal transcriptome profiles of 
the two species, focusing specifically on the differential enrichment of 
chemosensory genes in each of the OBP, IR, and OR families (the GR 
family was not discussed here due to the lack of meaningful antennal 
expression). Among the transcripts detected in the antenna of An. 
quadriannulatus, our findings were broadly consistent with previous 
RNAseq studies in An. gambiae [27, 28], and both species showed 
extensive conservation in the number and identity of detectable, 
chemosensory genes. Indeed, we only identified a few instances of 
species-specific chemoreceptor expression; the most notable occurrences 
were Or33 in An. quadriannulatus and Ir7s in An. gambiae which both 
displayed transcript abundance levels above the median level for all 
transcripts. Such profound overlap in the variety of expressed, 
chemosensory genes may not be surprising given the level of genomic 
conservation and serves to reinforce the evolutionary proximity of these 
two species.  
The most abundant chemosensory gene family in the mosquito 
antenna was the OBPs. The antennal OBPs in both An. gambiae and An. 
quadriannulatus belonged exclusively to the “classical” subclass of OBP,  
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Figure 5. Differential antennal abundances of chemosensory genes. Heat 
maps for the three most abundant chemoreceptor gene families in the 
antenna. Only transcripts that were detectable one or both species are 
displayed. Colors indicate a normalized, GFOLD score (reliable log2 fold 
difference in transcript abundance) denoting enrichment in either An. 
gambiae (red) or An. quadriannulatus (blue); genes showing no 
discernible expression differences between the species (GFOLD=0) are 
shown in grey. The gene names are ordered (from high to low, top to 
bottom) based upon their relative abundance in An. gambiae. Co-
receptors are displayed in bold above the OR and IR gene family heat 
maps. Chemoreceptor names are color coded if they were only classified 
as being detectable in An. gambiae (red) or in An. quadriannulatus (blue). 
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an observation consistent with our previous study that detected “atypical” 
AgObps in the antennae at only a single, discreet time point following a 
bloodmeal [28]. All OBP transcripts appeared much more abundant in the 
antennae of An. gambiae, with the total RPKM of detectable OBPs nearly 
twice that for the OBPs found in An. quadriannulatus. Indeed, the OBPs 
were the only family of chemosensory genes that was overrepresented in 
An. gambiae, with every detectable OBP displaying a significant difference 
in transcript abundance (Figure 5). Interestingly, despite the nearly 2:1 
disparity in gross, OBP transcript abundance, the expression-based rank 
order of OBPs remained highly conserved between the two species 
(Spearman’s r=0.94), and was more highly correlated than that of either 
the IRs (r=0.70) or the ORs (r=0.64). While on the whole, the OBP gene 
family plays diverse roles in insects, the similar presence and distribution 
of this distinct subset of OBPs between An. gambiae and An. 
quadriannulatus suggests they are more conserved within anopheline 
olfactory tissues, relative to the evolutionarily labile membrane bound, 
ligand specific chemoreceptors.  
In contrast to the OBPs, the IRs and ORs exhibited widespread 
variation in transcript abundances between An. gambiae and An. 
quadriannulatus (Figure 5). The antennal IRs displayed the most 
instances of transcript variation, with 27 of the 30 detectable IRs showing 
significant differences in abundance. Moreover, the sum total of the 
presumptive IR co-receptors (i.e., the combined RPKM values for Ir25a, 
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Ir76b and Ir8a) is more than 60% higher in An. quadriannulatus. This 
divergence in IR expression levels, in conjunction with the low coefficient 
of determination in the rank order of IRs between An. gambiae and An. 
quadriannulatus (r2=0.49), distinguishes the IRs as the most variable 
chemosensory gene family between the sibling species. This greater 
variability parallels the molecular evolutionary analysis above, which 
showed the IR family to display the highest degree of sequence 
divergence among the chemo-receptors (Figure 2). Because the ultimate 
roles and functions of the individual members of IR family are still being 
defined, the precise impact of these observed differences is as yet unclear. 
However, the pervasive, interspecific variation in both sequence 
composition and transcript abundance may indicate that IRs are especially 
adaptable. This represents a chemoreceptor class that may be involved in 
both mediating internal signals as well as sensing external environmental 
cues. 
The ORs are the best characterized class of chemoreceptor in 
insects. Many functional aspects of dipteran ORs have been determined 
for both D. melanogaster and An. gambiae, and the results consistently 
show that individual Dm- and AgOrs display their own distinct range of 
odor selectivity or “tuning” [25, 26]. For example a recent report suggests 
that ORs as a class are critical to defining mosquito host-specificity [60]. 
ORs are localized in the dendritic membranes of ORNs and require 
the presence of a conserved odorant receptor co-receptor (Orco) for 
 106 
correct localization and subsequent function [17, 61]. Because Orco is 
always required for OR function, its abundance may be taken as a general 
proxy for overall OR abundance. By that measure, An. gambiae antennae 
displayed only a modest (6%) enrichment in the Orco transcript 
abundance compared with An. quadriannulatus, and we can reasonably 
conclude that the overall expression levels of ORs are consistent between 
the two species. Indeed, this conservation is in keeping with previous, 
comparative morphological studies that reported a slightly higher density 
of sensilla on An. gambiae antenna, including the highly abundant trichoid 
sensilla [62] that house two Orco-expressing ORNs [13, 16]. Therefore, 
while An. gambiae antennae might possess a very slight advantage in 
OR-mediated odor sensitivity, our transcriptional data largely agrees with 
the comparative morphologic study to imply that that both species share 
equivalent olfactory capabilities [62]. 
Similarly, in both species half of the sum totals of tuning OR 
transcripts in the antenna were comprised of a small, largely identical 
subset of either 7 ORs in An. gambiae or 8 ORs in An. quadriannulatus. 
Within this top 50%, 5 ORs were shared between species (Ors 11, 15, 24, 
68 and 75) and had an average dN/dS below that of the OR class as a 
whole. Therefore, in terms of relative transcript abundance, most of the 
predominant antennal Ors shared between the species were also more 
conserved at the sequence level.  
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Figure 6. Distribution of differentially abundant antennal Ors and their 
relative abundance levels in An. gambiae and An. quadriannulatus. 
Individual tuning Or orthologs are represented by bubbles with areas 
scaled to their respective abundance (RPKM) in either An. gambiae (red) 
or An. quadriannulatus (blue). Or orthologs are arranged horizontally 
based upon their enrichment (GFOLD value) in either An. gambiae (left) or 
An. quadriannulatus (right). Total RPKMs for each quadrant are indicated 
in the center. The asterisk denotes the larger than expected proportion of 
Or abundance in An. gambiae ascribable to Ors that are also enriched in 
An. gambiae (Fisher’s Exact Test, p=2.2x10-16). 
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Beyond these similarities, the composition of the remainder of the 
tuning OR pool appeared to vary substantially between the two species 
(Figure 5). In total, 49 of 58 (84%) tuning ORs showed significant 
differences, 16 of which were more than a 2-fold enriched in one of the 
species. 
In An. gambiae antennae, the most noticeable overall trend in 
differential OR abundance was the degree to which select ORs were 
enriched as compared to An. quadriannulatus (Figure 6). While there were 
no ORs whose antennal expression appeared specific to An. gambiae, 29 
tuning ORs showed significant levels of enrichment in An. gambiae, with 
ORs 36, 60, 69, and 75 each showing as much as a 4-6 fold enrichment 
(Figure 5). Overall, these An. gambiae enriched ORs were 6-fold more 
abundant than the combined pool of depleted ORs. This stands in marked 
contrast to the balanced distribution of ORs in An. quadriannulatus, with 
enriched and depleted ORs showing similar expression levels in terms of 
overall RPKM (Figure 6). Taken together, the OR-mediated odor coding of 
the An. gambiae antennae appears to be an overrepresented subset 
(Fisher’s Exact test, p=2.2x10-16) of ORs whose orthologs are also 
present in An. quadriannulatus. This sizeable skew in the distribution of 
ORs implies that the An. gambiae antenna predominantly expresses only 
a subset of those ORs within the antenna of An. quadriannulatus.  
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Figure 7. Differential expression of antennal ORs plotted against dN/dS. 
X-axis represents the absolute GFOLD score (reliable log2 fold difference 
in transcript abundance) for Ors enriched in either An. gambiae (left half) 
or in An. quadriannulatus (right half). Ors displaying no significant 
difference in transcript abundance are plotted at zero. Y-axis is the 
interspecific dN/dS for each Or. Ors are color coded as follows: grey: 
conserved in sequence and in transcription, blue: conserved in sequence 
but diverged in transcription, yellow: diverged in sequence but conserved 
in transcription, green: diverged in sequence and in transcription. 
Horizontal dashed line denotes the top 10% of transcriptome wide dN/dS 
value and the vertical dashed line denotes the top 10% of transcriptome 
wide, absolute fold change. 
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When differential levels of OR transcripts were viewed within the 
context of molecular divergence (Figure 7), there was no significant 
correlation between transcript enrichment and dN/dS ratio. However, it 
was clear that ORs with higher evolutionary rates were also more variable 
in terms of transcript enrichment and tended to display higher enrichment 
levels. When ORs were analyzed in quartiles based on their dN/dS ratios, 
the upper three quartiles (dN/dS ratio ≥ 0.1) showed significantly higher 
median and variance values of transcript enrichment as compared with the 
first quartile, either individually or collectively. Interestingly, the opposite 
trend was observed at the level of the antennal transcriptome profile, 
where genes in the first quartile (with lower dN/dS ratios) displayed 
greater magnitude and variability of transcript enrichment. In addition, ORs 
with dN/dS ratios above the transcriptome median (0.0611) comprised the 
majority of detectable ORs and showed significantly higher levels of 
enrichment than those genes in the transcriptome background in the 
upper half of the dN/dS (Wilcoxon rank sum test, p=0.02792). This 
contrast, once again, highlights that ORs are under rapid evolution at both 
sequence and expression levels. 
Overall, there were 11 and 9 ORs that resided in the top 10% of the 
transcriptome profile in terms of their evolutionary rates and absolute 
levels of transcript enrichment, respectively (Figure 7). Four of these ORs 
showed both high sequence divergence and abundance differences, while 
the remaining genes differed in either sequence or abundance. This 
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pattern suggests that sequence divergence and differential abundance 
represent two non-mutually exclusive mechanisms for the evolution of 
ORs, and perhaps other chemosensory genes. Those ORs with 
exceptionally high levels of sequence divergence and/or transcript 
enrichment likely play important roles in chemosensory-mediated 
behavioral differences between An. gambiae and An. quadriannulatus. 
Some of the relatively more conserved ORs might be interesting as well. 
For instance, Or35 is the most conserved tuning OR but its absolute fold 
change was ranked within the top 20% of the antennal transcriptome 
profile.  
 
Differential Receptivity Analysis  
We have previously integrated OR functional data with RNAseq 
data to model the receptivity profile for the antenna of An. gambiae 
following a bloodmeal [28]. This analytical approach synthesized the 
effects of many small changes in the expression profiles of individual 
tuning ORs to treat the antenna as a single, chemosensory unit. Applying 
the same methodology here, to effectively map the An. gambiae odorant 
receptivity onto the An. quadriannulatus OR transcriptome profile, we 
modeled potential odor-coding differences between these two species. 
While it is important to note that this approach assumes the general 
functional conservation among interspecific OR orthologs, this is a 
reasonable assumption given that non-conservative substitutions 
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observed among the ORs occur in the trans-membrane and intra-cellular 
loop regions and are therefore most likely to impact the channel properties 
of the Orco-OR complex rather than OR-ligand interactions [59].  
While the results of this analysis showed the species to share a 
similar level of receptivity toward three floral compounds (fenchone, 
isobutyl-acetate and methyl-benzoate), there appears to be a general 
reduction in relative receptivity within the An. gambiae antenna to many of 
the odorants tested. An. quadriannulatus appeared more receptive to a 
wide range of chemical classes including most aromatic compounds and 
many alcohols (Figure 8), and while many of these compounds are plant 
associated some are also components of human skin [36, 38, 63-65]. Of 
those compounds to which An. quadriannulatus appears more receptive, 
the two indolic compounds are known to be important to the chemical 
ecology of many mosquito species [36, 64, 66-68]. While both indole and 
3-methylindole have been characterized as human associated compounds 
[36, 64, 69], they are also associated with other natural sources, including 
decaying organic material and animal excreta [66]. Accordingly, we cannot 
discount the possibility that the same odorant can elicit different 
perceptions dependent upon ecological context. Nevertheless, the 
presence of these compounds along with the several other human 
associated odorants can also be rationalized  
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Figure 8. Differences in OR mediated odorant receptivity between An. 
gambiae and An. quadriannulatus antennae. Vertical axis represents 
computed, interspecific differences in antennal receptivity to a panel of 
odors. Displayed results are sorted left to right based upon the level of 
each odor’s relative receptivity enhancement in either An. gambiae 
(positive values) or An. quadriannulatus (negative values). The grey 
region around zero denotes an absolute change in relative receptivity of 
10% or less. Chemical names are color coded by chemical class and 
asterisks denote chemical classes whose receptivity is disproportionately 
represented in one species (Fishers Exact Test, p<0.05). Red points 
denote odors that have been detected in human-associated skin 
emanations. 
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within the context of human host-seeking since An. quadriannulatus 
displays limited, anthropophagic behavior as well [70].  
In contrast, the OR-mediated olfactory specialization of An. 
gambiae antenna appears to be heavily biased (Fishers Exact test, 
p=0.06) toward odors which have been previously associated with human 
skin emanation, including a majority of the esters assayed (Fishers Exact 
test, p=0.04). Furthermore, if we only consider compounds that showed a 
change in relative receptivity greater than 10% in either species that show 
only minimal, the apparent enhanced receptivity of An. gambiae to human-
associated odor chemicals becomes even more significant (Fisher’s Exact 
test p=0.02). Moreover, some human associated odors have greater 
magnitudes of receptivity enhancement in An. gambiae to as compared to 
any of those in An. quadriannulatus (Figure 8 This notable trend agrees 
with both the molecular and the transcriptional analyses above, further 
suggesting that at the molecular level, the OR-mediated sensitivity of the 
antennae of An. gambiae appears to be more focused and specialized 
than that of An. quadriannulatus.  
 
CONCLUSIONS 
In this study we examined the RNA composition of the peripheral 
chemosensory tissues of An. gambiae s.s. and An. quadriannulatus, two 
closely related members of the An. gambiae species complex. Because 
these two species are phenotypically divergent in terms of their host 
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seeking predilections, we looked specifically at differences within the 
chemosensory gene classes, both at the molecular level and at the 
transcriptional level. Overall, while the chemosensory gene repertoire was 
highly conserved, we found that rates of evolution of each of the 
chemosensory gene families were more rapid than the genomic 
background. In particular, we identified considerable levels of radical 
amino acid changes between orthologous OR genes that may potentially 
result in functional differences. To our knowledge, this is the first 
comparative study of the chemosensory gene repertoire between sibling 
species which diverged only several thousand years ago. Unlike the 
dramatic copy number changes often observed in comparisons of more 
distantly related species, these results suggest that functional divergence 
between orthologous chemosensory genes may be key in driving 
behavioral differences in the immediate aftermath of speciation events. 
A careful analysis of their antennal transcriptome profiles also 
revealed both the overall conservation of some critical chemosensory 
transcripts (e.g. Orco), along with large degrees of abundance differences 
among some individual gene family members. The observed similarities 
confirm results of prior morphological studies that reported the antennae 
of both species share similar sensilla densities overall [62]. Though no 
ORs appeared to be exclusively expressed within the An. gambiae 
antenna, the divergence in the overall transcriptional profile of the ORs 
was considerable. The specific ORs whose transcripts comprise the 
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preponderance of OR transcripts within the antennae of An. gambiae are 
also greatly enriched as compared to An. quadriannulatus, indicating that 
in terms of OR composition, the An. gambiae antenna appears most likely 
to be a specialization of the An. quadriannulatus antenna. 
When these interspecific abundance differences in the OR gene 
family members were integrated in silico with AgOr functional data, the 
resulting antennal “receptivities” again indicated that the human-biased 
odor receptivity of An. gambiae was most likely a refinement of that 
possessed by An. quadriannulatus. Moreover, this biased receptivity of An. 
gambiae antenna toward human-derived odors may be further augmented 
by the functional differences between orthologous ORs suggested by our 
sequence analyses. Future functional tests of AqOr –odor tuning will 
further improve our understanding in this regard. 
Taken together, and given the central role that ORs play in defining 
host specificity, the anthropophagy of An. gambiae is most likely not 
derived from the evolution of any single OR specific for the purpose of 
human host seeking. Instead, we posit the receptivity bias in the antenna 
of An. gambiae toward human host odors is likely the result of the 
cumulative effects of both functional divergences and changes in the 
abundance and distribution of common ORs already present within the An. 
gambiae species complex.  
  
  
 117 
MATERIALS and METHODS 
Gene annotation: The publically available genome assemblies of An. 
gambiae (version AgamP3) and An. quadriannulatus (version 1) were 
downloaded from the websites of VectorBase (www.vectorbase.org) and 
Broad Institute (olive.broadinstitute.org), respectively. The annotation of 
chemosensory genes was performed following a previous protocol [45]. In 
brief, previously reported chemosensory genes from An. gambiae, Aedes 
aegypti, Culex quinquefasciatus, and D. melanogaster were used as 
queries in TBLASTN [71] searches against the two anopheline genomes. 
Putative chemosensory gene coding loci were identified after filtering out 
low-scoring blast hits. For each locus, the query sequence that yield the 
highest bit score was selected as reference to perform homology-based 
gene prediction using GeneWise (version 2.2.0; [72]). All gene models 
were manually inspected and modified if needed. All genomic data is 
available through VectorBase and the annotated chemoreceptor 
sequences are listed in supplementary Table S1 (doi:10.1186/1471-2164-
14-749). 
 
Phylogenetic analysis: For each of the OR/GR/IR/OBP families, protein 
sequences of genes in the two mosquitoes were aligned using MAFFT 
(version 7.037b; [73]). The multiple sequence alignments were manually 
curated and poorly aligned regions were removed using trimAl (version 
1.4; [74]) with “automated1” option. Maximum-likelihood trees were 
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constructed using RAxML (version 7.4.7; [75]) and the reliability of tree 
topology was evaluated with 100 bootstrap replicates. Resulting gene 
trees were reconciled with the species phylogeny to estimate ancestral 
gene copy numbers and gene gain and loss events. An orthologous group 
is defined as a highly supported clade (greater than 90%) representing a 
single gene in the common ancestor of An. gambiae and An. 
quadriannulatus. 
 
Analysis of sequence divergence: For each orthologous pair of 
chemosensory genes in An. gambiae and An. quadriannulatus, protein 
sequences were aligned using MAFFT and the corresponding nucleotide 
alignment was generated using a custom script (available upon request). 
The rate of amino acid substitution and dN/dS ratio were calculated using 
PROTDIST (from the Phylip package version 3.69) and CodeML (from the 
PAML package version 4.7; [76]), respectively. The dR/dC ratio was 
calculated using the Zhang method [77], for which radical and 
conservative amino acid changes were defined by the Dayhoff classes 
(“AGPST”, “DENQ”, “HKR”, “ILMV”, “FWY”, and “C”). The topologies of Or 
proteins were predicted using TOPCONS [78] and the number of 
radical/conservative amino acid changes in transmembrane domain 
regions were counted accordingly.  
To identify additional orthologous gene pairs between the two 
mosquitoes, a de novo transcriptome assembly of An. quadriannulatus 
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was generated and likely coding regions were extracted, both using Trinity 
(version 2012-10-05; [79]) Orthologous groups were then constructed from 
annotated genes in An. gambiae (version AgamP3.7) and likely coding 
sequences in An. quadriannulatus using orthoMCL (version 2.0.5; [80]) 
Protein divergence, dN/dS ratio, and dR/dC ratio were calculated for each 
1-to-1 orthologous pair similarly to chemosensory gene pairs. 
 
Mosquitos and mosquito rearing: An. gambiae sensu stricto (SUA 
2La/2La, an M-form isolate originating from Suakoko, Liberia) and An. 
quadriannulatus (SKUQUA, an A form isolate originating from Skukuze, 
South Africa) were reared in the Vanderbilt Insectary Facility as described 
previously [21]. Adult mosquitoes were reared under 12:12 light-dark 
conditions and had constant access to 10% sucrose solution.  
 
RNA isolation and RNA sequencing: Four to six day old adult female 
mosquitoes from each species were collected in the middle of the light 
phase (~ZT6) for antennal resection. For each collection, antennae were 
hand-resected into TRIzol, and total RNA was isolated. mRNA isolation 
and cDNA library preparation were carried out using the Illumina mRNA 
sequencing kit (Illumina Inc.; San Diego, CA). Libraries were barcoded 
and sequenced in paired-end fashion (50PE An. quadriannulatus, 100PE 
for An. gambiae) on an Illumina HiSeq2000. Approximately 30 million 
reads were generated for each sample. 
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Data processing and abundance profiling: Individual Illumina read files 
(fastq) were trimmed and filtered using Trimmomatic, a software package 
specifically designed for trimming NGS reads. Paired end Trimmomatic 
parameters used were: LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 
MINLEN:36. FastQC was used for data set quality checking.  
To better quantify transcript abundances in An. quadriannulatus, a 
modified version of the An. gambiae reference genome was prepared to 
eliminate potential bias caused by genomic sequence differences between 
the two species. The reads of An. quadriannulatus were first mapped to 
the An. gambiae reference genome (version AgamP3) using Tophat2 
(version 2.0.8) with the guidance of gene annotation (version AgamP3.7), 
and only one alignment was reported for each mapped read. Fixed 
differences between the species were called and filtered using SAMtools 
(version 0.1.18) with a minimum read depth of 5 and variant quality score 
of 60. We then replaced nucleotides in the An. gambiae reference genome 
at sites of fixed differences with each site’s most frequent, alternative 
allele. This modified reference genome sequence was used for 
subsequent analyses of An. quadriannulatus transcriptome. Finally, reads 
were then aligned to the respective, indexed genome using Tophat2 [80]. 
 
Differential transcript abundance calculation: Statistical significance 
along with fold change was determined by pairwise comparison of the 
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Tophat2 alignments for each of the two species using GFOLD [82] 
configured for a 95 percent confidence interval. The result was a set of 
GFOLD values (a.k.a. GFOLD’s “reliable” log2 fold change) for each An. 
gambiae gene identifier (AGAP); GFOLD values other than zero are 
considered as significantly, differentially expressed.  
 
Odorant Receptivity Changes: Relative differences in odorant receptivity 
between the An. gambiae and An. quadriannulatus were calculated from 
physiologic, odorant-response data from previously published functional 
deorphanization of An. gambiae odorant receptors [25, 26]. The SSR data 
was first filtered to remove any Ors or chemicals which failed to elicit a 
100 spikes/second increase over baseline in at least one assay. One 
hundred spikes per second was chosen to retain only more-robustly 
responding receptors and ligands in an attempt to mitigate any small 
potency differences that might exist between the species. Odor-induced 
decreases in spiking frequency were treated as indeterminate and treated 
as zero. The response of each AgOr (spikes/second increase) to each 
odorant was then weighted by the normalized abundance level (RPKM 
[83]) of that Or. Odorant responses in weighted-spikes-per-second were 
then summed for each odorant in each species, resulting in an “antennal 
receptivity” for that species. Finally, the interspecific “receptivity change” of 
the antenna was calculated by dividing the “antennal receptivity” of An. 
gambiae by that of An. quadriannulatus.  
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CHAPTER IV 
 
DIVERGENT AND CONSERVED ELEMENTS COMPRISE THE 
CHEMORECEPTIVE REPERTOIRE OF THE NON-BLOOD FEEDING 
MOSQUITO TOXORHYNCHITES AMBOINENSIS 
 
PREFACE 
The following manuscript by Zhou et al. was published in Genome 
Biology and Evolution in October 2014 (doi: 10.1093/gbe/evu231). My 
contribution (co-first author) to this work included experimental design, 
mosquito rearing, mosquito tissue dissections, data analysis, figure 
preparation, and drafting of the manuscript. 
 
INTRODUCTION 
The notorious reputation garnered by many mosquito species as 
human disease vectors is exclusively attributable to the concomitant 
behaviors of host seeking and blood feeding (hematophagy) exhibited by 
adult female mosquitoes. These blood meals provide the female with a 
concentrated nutritive source that initiates egg development and allows 
the completion of the reproductive cycle. Notably, there are three non-
hematophagous mosquito genera (Malaya, Topomyia and 
Toxorhynchites) that lack a reproductive requirement for blood meals and 
do not exhibit host-seeking behavior(s). Of these, Toxorhynchites is the 
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most widely distributed and is comprised of over 90 species found 
throughout the tropical areas of Africa, Asia, the South Pacific, and the 
Americas. Adult Toxorhynchites are physically much larger than other 
blood feeding mosquitoes and feed exclusively on sugar sources. 
Moreover, the mouthparts (labium) of adult Toxorhynchites are noticeably 
elongated and curved downward, a presumed morphological refinement 
toward nectar feeding that also might render them less amenable to 
piercing skin [1]. 
While Toxorhynchites is a morphologically distinctive genus within 
the family Culicidae, its precise placement among other genera is 
uncertain. Previous studies that included Toxorhynchites have produced 
several incongruent phylogenies. For example, early phylogenetic studies 
based on morphologic characters positioned Toxorhynchites as its own 
subfamily within Culicidae, while subsequent molecular studies placed 
Toxorhynchites at various locations within the subfamily Culicinae [2-6]. 
The precise phylogenetic position of Toxorhynchites within Culicidae is 
important as it would allow inference as to whether the blood feeding 
phenotype represented a trait that was lost in Toxorhynchites or a novel 
adaptation that occurred only in certain Culicidae lineages, after their 
divergence from Toxorhynchites. Given that hematophagy is thought to 
have arisen and been lost independently multiple times in dipterans, the 
order of events within mosquito taxa is not immediately clear [7]. 
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Toxorhynchites mosquitoes are also interesting from a 
chemoreception perspective because, unlike the vast majority of 
hematophagous mosquitoes, adults have no reproductive requirement to 
engage in host-seeking behaviors. Host seeking in mosquitoes is 
facilitated through a range of sensory cues and is largely mediated 
through the chemoreception of host-associated kariomones. Consequently, 
a characterization of the chemosensory gene repertoire of Toxorhynchites 
and its comparison to transcriptome profiles from blood feeding 
mosquitoes is expected to yield insights into the molecular aspects of the 
chemoreceptive requirements that encompass host-seeking or blood 
feeding behaviors. 
Thus far, studies of chemoreceptor expression and function in 
mosquitoes have been limited to vector species where the identification of 
large gene families and the fundamental properties of chemosensory 
signaling continue to be elucidated. Odorant receptors (ORs), variant 
ionotropic receptors (IRs), and gustatory receptors (GRs) comprise the 
major families of chemoreceptors defined to date and no studies of 
chemoreceptors in non-blood feeding mosquitoes have been published. 
To address these open questions regarding the ecology, evolution and 
comparative genomics of Toxorhynchites, we have sequenced total RNA 
from the bodies of female T. amboinensis along with each of the two major 
chemosensory organs of mosquitoes, the antennae and the maxillary 
palps. Our data facilitated the construction of a transcriptome of the most 
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abundant transcripts present within the adult female T. amboinensis as a 
whole, along with the characterization of chemosensory associated 
transcripts that are enriched within the head appendages. To do so, we 
leveraged extant genomic resources of disease vector mosquitoes 
Anopheles gambiae (vector of malaria [8]), Aedes aegypti (vector of yellow 
fever and dengue [9]), and Culex quinquefasciatus (vector of West Nile 
virus [10]) to annotate the assembled T. amboinensis transcriptome as 
well as place T. amboinensis into an well-defined phylogenetic context.  
Finally, we have compared the transcript abundance patterns of the major 
chemoreceptor gene families (e.g. OR, GR, and IR) in the olfactory tissues 
of three mosquito species to further refine our understanding of the 
molecular bases for host seeking behaviors. This study brings together a 
de novo assembly of the T. amboinensis transcriptome and a novel 
comparative analysis of chemoreceptor evolution and expression between 
hematophageous and non-hematophageous mosquitoes. 
 
RESULTS AND DISCUSSION 
A comprehensive transcriptome assembly of T. amboinensis 
In-depth RNA-seq profiling of antennae, maxillary palps, and whole 
bodies of female T. amboinensis generated more than 90 million pairs of 
raw reads from each sample, most of which passed rigorous quality 
control procedures. Collectively, we obtained ~300 million pairs of high 
quality sequence reads and created a de novo transcriptome assembly 
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that was 267.6 megabases (Mb) in size and consisted of 303,383 
transcripts belonging to 199,064 Trinity components (Table 1), which 
ideally each represents one gene. These numbers are an order of 
magnitude higher than that of annotated transcripts and genes in other 
available mosquito genomes. Our presumption is the vast majority of 
these assembled transcripts is non-coding. 
 We then annotated protein-coding regions (hereafter referred to as 
“genes” unless otherwise indicated) from the transcriptome assembly. All 
genes represent continuous open reading frames (ORFs) supported by 
either sequence homology to known protein-coding genes or significant 
protein-coding potential as determined by a likelihood-based approach. All 
subsequent analyses in this study were based on genes rather than 
transcripts because a non-negligible portion (approximately 13.5%) of the 
transcripts contained more than one gene which may confound the 
investigation of gene expression and evolution. In total, we identified 
21,605 components each of which contains at least one annotated gene 
(table 1) about half of which (10,195) contain multiple transcripts. We used 
homology criteria (see Material and Methods) to select the most 
representative transcript for each component, resulting in a final 
annotation set composed of 25,084 genes (table 2). 
 Approximately 80% of the annotated T. amboinensis genes had at 
least one homolog in the National Center for Biotechnology Information  
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Figure 1. Summary characteristics of T. amboinensis proteins 
identified in the transcriptome assembly. (A) Taxonomic distribution of 
best hits of annotated T. amboinensis proteins in the NCBI non-redundant 
(NR) protein database. (B) Length distribution of proteins identified in the 
transcriptome assembly of T. amboinensis and sequenced genomes of 
three blood feeding mosquitoes, including Ae. aegypti, C. 
quinquefasciatus, and An. gambiae. For T. amboinensis, the “conserved” 
and “orphan” proteins refer to proteins with and without homolog in the NR 
database, respectively. 
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(NCBI) non-redundant (NR) database (“conserved genes”). Not 
surprisingly, the best match for more than 90% of T. amboinensis genes 
was with sequences from insects, with Ae. aegypti, C. quinquefasciatus, 
and An. gambiae being the top three source species in descending order 
(fig. 1A). Previous studies have revealed significant contributions of 
transposable elements (TEs) to the three sequenced mosquito genomes 
[8-10]; strikingly, almost half of the Ae. aegypti genome assembly was 
composed of various types of TEs. Similarly, we found 4,888 T. 
amboinensis genes (approximately 20%) likely encode (retro-) 
transposons-related proteins, which cover many major types of TEs (table 
2). 
 The remaining 20% of genes lacked detectable homologs in the 
database, but are likely protein coding according to their sequence 
signatures. These types of genes are also termed “orphan” and have been 
recently documented in a wide range of organisms (reviewed in[11]), 
including insects [12]. For example, orphans comprise ~5% of the 
annotated genes in each of the three mosquito genome [12]. Such genes 
may be fast evolving and thus too divergent from their homologs in other 
species to be recognized solely based on sequence similarity. 
Alternatively, orphans may represent novel genes that recently evolved in 
the T. amboinensis lineage, after its divergence from other mosquitoes. In 
general, transcripts of orphan genes were less abundant than those of 
conserved genes in T. amboinensis. That said, more than 1500 of them 
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had transcript abundances above the transcriptome median level in at 
least one of the three samples, and over 2000 showed significant 
differential enrichment among samples. In addition, approximately 300 
orphan genes encode hypothetical protein products that are longer than 
200 amino acids, with the largest one comprising 1002 residues (fig. 1B). 
Altogether, the data suggest that some of these orphan genes may indeed 
be functional and have contributed to the morphological and physiological 
differences between T. amboinensis and its relatives. 
 
Completeness of transcriptome assembly of T. amboinensis 
The transcriptome assembly and gene annotations generated here 
constitute valuable resources for the study of T. amboinensis biology, with 
the caveat that, to some extent, the assembly is likely incomplete. Indeed, 
while we have performed in-depth transcriptome profiling on whole bodies 
and two chemosensory appendages of female T. amboinensis, genes that 
have low abundance levels or show restricted expression in specific 
tissues and/or developmental stages beyond our sample set will be 
missed or at the very least, underrepresented. However, these limitations 
aside, it is reasonable to posit the transcriptome assembly generated here 
is relatively comprehensive based on the following lines of evidence. 
An evaluation of the assembly completeness using Core Eukaryotic 
Gene Mapping Approach (CEGMA) [13] showed that all of the 248 
conserved eukaryotic genes can be found in the complete transcriptome 
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assembly (table 1). In addition, the number and length distribution of 
genes annotated in the T. amboinensis transcriptome assembly closely 
resemble those in the three sequenced mosquito genomes analyzed here 
(fig. 1B). More importantly, our parallel de novo transcriptome assembly 
analysis in An. gambiae (using much smaller transcriptome datasets but 
following the same assembly and annotation protocol) was able to recover 
more than 70% of An. gambiae genes, more than half of which was 
recovered at full length. Taken together, these considerations indicate the 
T. amboinensis transcriptome assembly generated here likely represents 
a comprehensive genomic resource. Sequences and transcript 
abundances of all annotated T. amboinensis genes are available along 
with detailed functional annotations, including gene ontology (GO), protein 
domains, and metabolic pathways (see Data Availability).  
Compared to other mosquitoes, T. amboinensis larvae are 
predatory while adults are very large and do not take blood meals, which 
suggests that salient aspects of its development, immunity, metabolism, 
and neuronal systems would likely be unique. In this regard, a 
comprehensive transcriptome assembly also enabled a genome-wide 
survey of gene families of interest. For example, we have identified 354 
immunity-related genes in T. amboinensis, which covered all major   
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Figure 2. Phylogenetic analyses of orthologous genes supporting a 
sister relationship between T. amboinensis and Ae. aegypti.  (A) 
Chronogram showing the phylogenetic relationships and estimated 
divergence times between T. amboinensis and other mosquitoes. D. 
melanogaster was included as an outgroup, and its separation with 
Culicidae at 227 MYA (95% confidence interval: 210-244 MYA) was used 
as a calibration point in the divergence time estimation. The purple bar on 
each node indicates the 95% confidence interval of estimated divergence 
time. The same tree topology was recovered in a concatenated ML 
analysis of 4,266 single-copy orthologous genes with maximum supports 
for all nodes, and also received overwhelming supports from ML analyses 
of individual genes. B) A Venn diagram showing the number of 
orthologous gene groups shared between four mosquito species. 
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pathways currently known in mosquitoes and this number is similar to the 
total number of immunity genes reported in the three mosquito genomes 
[14, 15] (also see later section on chemosensory gene families). In 
conclusion, the sequence and functional information generated here is 
expected to significantly facilitate future studies of this non-blood feeding 
mosquito as well as comparative analyses with its blood feeding relatives. 
 
Resolving the phylogenetic placement of T. amboinensis within 
Culicidae 
The transcriptome assembly of T. amboinensis provides a unique 
opportunity to examine its precise placement within Culicidae using 
genome-scale data. We constructed orthologous gene groups from the 
four mosquitoes plus Drosophila melanogaster, which was included as 
outgroup, and identified 4266 genes that are single-copy in all five species.  
The concatenated maximum likelihood (ML) analysis of these single-copy 
genes (6,807,855 nucleotide positions in total) resulted in a fully resolved 
tree placing T. amboinensis sister to Ae. aegypti (fig. 2A) relative to the 
other two mosquitoes. This grouping of T. amboinensis and Ae. aegypti 
was also strongly supported by most of the single gene phylogenies. 
Furthermore, using the 144 genes that fully supported the concatenated 
ML tree, we recovered the same topology in a Bayesian analysis and 
estimated that the ancestors of T. amboinensis and Ae. aegypti separated 
about 39.6 million years ago (MYA), soon after the estimated divergence 
 148 
of the ancestors of Ae. aegypti and C. quinquefasciatus at about 52.5 
MYA (fig. 2A). 
The genome-scale data presented here displays overwhelming 
support for a sister relationship between T. amboinensis and Ae. aegypti. 
Additional phylogenomic studies with broader taxon sampling will be 
helpful to further evaluate this relationship, as only four mosquito species 
were included here. Nevertheless, the phylogeny proposed here provides 
a solid evolutionary context for comparative studies between T. 
amboinensis and other mosquitoes. When one considers that most 
mosquito genera are populated with species that are capable of taking 
blood meals for reproduction, the more derived position of T. amboinensis 
suggested here indicates that blood feeding is an ancestral trait that has 
been lost in the lineage leading to T. amboinensis. 
 
Characterization of the chemosensory gene repertoire of T. 
amboinensis 
The transition from the ancestral haematophagous state to the 
derived non-blood feeding state in T. amboinensis is expected to be 
accompanied by changes in lifestyle requirements, most notably the loss 
of a need to engage in host-seeking behavior(s). Inasmuch as these 
behaviors are strongly mediated by chemosensory cues in 
haematophagous mosquitoes, it is reasonable to ask whether or not the 
repertoire of peripherally expressed, chemosensory genes in T. 
 149 
amboinensis may have changed concomitantly with the shift in feeding 
behavior. With a high quality transcriptome assembly of T. amboinensis 
available and its phylogenetic affiliation resolved, we now have the 
opportunity to carry out comparative analyses of chemosensory genes 
between blood feeding and non-blood feeding mosquitoes. 
A large number of chemosensory genes, including 87 ORs, 21 GRs, 
and 38 IRs  were identified in the transcriptome assembly of T. 
amboinensis. In comparison to its closest relative, Ae. aegypti, we 
identified fewer chemosensory genes in T. amboinensis, which may reflect 
excessive loss in T. amboinensis (table 3) or may be attributed to genes 
that are present in the genome but whose transcripts were absent in the 
samples included in this study. In fact, a previous transcriptome profile in 
An. gambiae indicated that many chemosensory genes have very low 
expression levels in adult chemosensory appendages and whole bodies of 
both sexes [16]. Moreover, several An. gambiae OR genes are specifically 
expressed during larval stages or other tissues [16, 17]. Indeed, 31 of the 
38 IR genes identified in the T. amboinensis transcriptome assembly 
belong to a subfamily (“antennal” IRs) whose members in other insects 
have been shown to be expressed in antennae [18]; this number is close 
to that in Ae. aegypti which has many more IR genes..  
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Figure 3. Odorant receptor gene tree and their relative expression in 
the antennae and palp of T. amboinensis, Ae. aegypti and An. 
gambiae. 
Gene phylogeny of the OR-family of chemoreceptors. Branches are color 
coded by the respective species and the heat maps at the branch tips 
represents the RPKM-percent composition of each family member within 
the entirety of that family’s expression within the tissue of each species. 
The outer heat map ring displays the tissue expression profile in maxillary 
palps and the inner heat map ring displays the tissue expression profile in 
antennae. Orco was used to root the tree and the Orco clade was 
collapsed to emphasize differences between the tuning ORs. 
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To better understand the changes in the chemosensory gene 
repertoire of T. amboinensis, we reconstructed the evolutionary histories 
of mosquito genes in the three major chemosensory receptor gene 
families, namely ORs, GRs, and IRs. We focused on these gene families, 
which together comprise the chemosensory receptome, because their 
functional roles in chemosensation are much better characterized 
compared to other gene families such as odorant-binding proteins. This 
analysis reveals that most chemosensory receptor genes in T. 
amboinensis have clear (co-)orthologs in Ae. aegypti. In the OR gene 
family phylogeny (fig. 3), we identified 31 well supported clades [bootstrap 
support (BS) ≥ 70%] that include both T. amboinensis and Ae. aegypti 
ORs, each of which likely represents one single gene in the common 
ancestor of the two mosquitoes; 27 of them also contain ORs in C. 
quinquefasciatus and/or An. gambiae. In total, the 31 clades encompass 
58 of the 87 T. amboinensis OR genes (TaOrs). Among these clades, T. 
amboinensis and Ae. aegypti have the same number of genes in 16 
clades, including 13 one-to-one orthologous pairs, and they differ by only 
one gene in 9 clades. Similar results were obtained from the phylogenetic 
analyses of GR and IR families (fig. 4); 19 out of 21 T. amboinensis GR 
genes (TaGrs) and 35 out of 38 IR genes (TaIrs) have well supported (co-) 
orthologs in Ae. aegypti, many of which are one-to-one orthologous pairs 
(13 TaGrs and 15 TaIrs). 
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Figure 4. Ionotropic receptor gene tree and their relative expression 
in the antennae and palp of T. amboinensis, Ae. aegypti and An. 
gambiae. 
Gene phylogeny of the IR-family of chemoreceptors. Branches are color 
coded by the respective species and the heat maps at the branch tips 
represents the RPKM-percent composition of each family member within 
the entirety of that family’s expression within the tissue of each species. 
The outer heat map ring displays the tissue expression profile in maxillary 
palps and the inner heat map ring displays the tissue expression profile in 
antennae. NMDA receptors were used to root the tree and the NMDA 
clades were collapsed to emphasize differences between the ligand 
specifying IRs 
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These data suggest the chemosensory receptor gene repertoire of 
T. amboinensis (as recovered from its transcriptome assembly) is 
relatively stable compared to the other three mosquito genomes. In 
particular, 6 OR clades, 8 GR clades, and 9 IR clades are well supported 
and each is comprised by a single gene in each of the four mosquitoes. 
Among these single-copy clades are several genes with well-
characterized or potentially important chemosensory functions, such as 
AaOrco (for convenience, here we use the name of Ae. aegypti gene in 
each clade) which encodes the highly conserved odorant receptor co-
receptor, AaGr1-3 which encode receptors for carbon dioxide [19], AaGr7 
and AaGr11 which encode candidate sugar receptors [19], AaGr14 which 
is orthologous to a D. melanogaster Gr (DmGr66a) required for caffeine 
response [19, 20], as well as a number of aforementioned conserved 
“antennal” IR genes, including AaIr8a, AaIr21a, AaIr25a, AaIr31a, AaIr40a, 
AaIr64a, AaIr75i, AaIr76b, and AaIr93a.  
There are also several apparent differences between the 
chemosensory gene repertoires of T. amboinensis and Ae. aegypti. There 
are 8 TaOrs, 2 TaGrs, and 3 TaIrs whose (co-)orthologs are missing in the 
Ae. aegypti genome, but can be found in the other two, more distant 
mosquito genomes, indicating lineage-specific loss in Ae. aegypti. In 
addition, 21 TaOrs do not have clear orthologs in any of the three blood 
feeding mosquitoes, which may suggest gene loss in these species; 
alternatively, it is possible that these genes have experienced relatively 
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rapid sequence divergence and thus their relationship with other genes  
have become more difficult to resolve. Furthermore, we found a relatively 
modest expansion of genes in T. amboinensis relative to Ae. aegypti in 
two OR clades (6 TaOrs vs. 2 AaOrs in one clade, and 5 TaOrs vs. 1 
AaOrs in the other) and one IR clade (6 TaIrs vs. 2 AaIrs). Conversely, 
more clades in the three families have higher numbers of Ae. aegypti 
genes than observed in T. amboinensis. Most strikingly, one such clade in 
the OR family included 40 AaOrs and only 2 TaOrs. Importantly, a large 
number of Ae. aegypti chemosensory genes lack orthologs in the 
transcriptome assembly of T. amboinensis, including 30 AaOrs and 43 
AaGrs. 
 
Chemoreceptive transcript abundance in T. amboinensis 
To contextualize these newly annotated ORs, IRs and GRs within 
the olfactory tissues of T. amboinensis, we next calculated the relative 
transcript abundance levels in terms of reads per kilobase per million 
reads mapped (RPKM). We then compared the chemoreceptor 
transcriptome profile of T. amboinensis’ with both that of its close relative 
Ae. aegypti as well as An. gambiae.  To accommodate the fact that de 
novo assembly is unable to account for T. amboinensis chemoreceptors 
that yield little to no transcriptional signal (i.e. those that may be present in 
the genome but are otherwise not discernable) we have limited our 
quantitative analysis to transcripts that showed a minimum abundance of 
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2 RPKM. This level is designated as being “detectable” and is applied to 
all data sets analyzed here.  
Odorant receptors appear to have evolved exclusively within 
insects and form heteromeric ion channel complexes consisting of at least 
two subunits: one a highly conserved coreceptor (Orco) while the other 
(ORx) belongs to a class of highly divergent ligand-specifying partners 
[21-25]. Orco is required for membrane localization of OR complexes 
while ORx confers the odor tuning properties [26]. Within this paradigm, 
ligands for numerous An. gambiae odorant receptors (AgOrs) and a more 
limited number of ORs from Ae. aegypti (AaOrs) and C. quinquefasciatus 
(CqOrs) have been identified [27-29].  
The tuning OR composition of the T. amboinensis antenna is 
complex with 67 out of the 86 annotated TaOrs showing abundance at 
reliably detectable levels, with the majority of those occurring above the 
transcriptome wide median level of abundance. Forty-seven of the 
detectable tuning TaOrs (70%) showed relative abundances above the 
median level of all antennal transcripts (5.39 RPKM), a very similar 
number to the 52 AaOrs (52% of the 91 detectable AaOrs) above the 
transcriptome median in Ae. aegypti antennae (6.02 RPKM).  Therefore, 
while the vast majority of the antennal OR population in both T. 
amboinensis and Ae. aegypti appears comprised of nearly identical 
numbers of ORs, there are twice as many AaOrs detectable below the 
transcriptome median. This is potentially important as the presence of this 
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additional, low abundance AaOr complexity, may represent a salient 
difference in the effective odor receptivity between these two species. 
Next, we compared the antennal expression profile of ORs of the 
three mosquito species within the context of their evolutionary history to 
investigate the degree to which species-specific ORs contribute to the 
transcriptional profile of their respective species (fig. 3). Analyzed in this 
way, the OR abundance profiles within each species’ antennae show a 
nearly equal compositional division between those ORs that are 
conserved among all three species and ORs that are species-specific. In 
An. gambiae, Ae. aegypti and T. amboinensis, approximately 50% of the 
summed expression levels of tuning OR abundances are attributable to 
conserved ORs whose orthologs show expression in the antennae of all 
three species. Clades containing orthologs to such pan-Culcidae 
conserved ORs as AgOr11, AgOr35, AgOr39 and AgOr80 account for 
over one-third of the total OR abundance in their respective species alone. 
Perhaps the best-characterized example of functionally conserved ORs is 
the orthologous group containing AgOr2 (AaOr2, CqOr2,TaOr2)  and 
AgOr10 (AaOr10, CqOr10, TaOr10) and that have retained similar odorant 
sensitivities in their respective species [27, 30, 31]. In the antennae, 
Or2/Or10 comprises 2, 3 and 4% of the total abundance of tuning ORs in 
Ae. aegypti, An. gambiae and T. amboinensis respectively. This high 
degree of interspecific sequential, functional and transcriptional 
conservation suggests a common role for ORs in these mosquito species, 
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and their persistence in T. amboinensis further suggests this role ranges 
beyond host seeking. 
The remaining half of antennal tuning OR abundance is attributable 
to sub-family or lineage specific ORs within each species. For example a 
large, species-specific expansion (fig. 3, Clade1) accounts for 
approximately 20% of the total level of tuning ORs in Ae. aegypti. Similarly, 
the Culicinae-specific clade containing an expansion of 17 TaOrs and just 
7 AaOrs accounts for over 30% of the total level of tuning ORs in T. 
amboinensis. This expansion includes such TaOrs as TaOr13.3, TaOr3.2 
and TaOr71.1, the latter being the single, most highly abundant TaOr in 
the antennae. While TaOr71.1 alone accounts for 17.8% of all tuning ORs 
(57 times that of the transcriptome median), the sum of all 7 AaOr 
orthologs in this expansion account for just over 3% of tuning ORs in Ae. 
aegypti. 
The Orco co-receptor represented the most highly abundant OR 
family member in each of the three species. As reported previously, levels 
of Orco in the chemosensory tissues of two Anophelinae mosquitoes were 
consistently close to one-to-one as compared to the sum total of all tuning 
ORs in Anopheline antennae, suggesting a possible mechanism of Orco-
OR complex regulation within ORNs[16, 32, 33]. In the two Culicinae 
analyzed here this ratio remained close to one-to-one, although 
interestingly, Orco abundance in the antennae appears proportionally 
higher than the summed levels of tuning OR in both Ae. aegypti (1.40) and 
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in T. amboinensis (1.30). This is in contrast to the relationship observed in 
the Anophelinae and suggests that Orco may be regulated differently 
between the two mosquito sub families. 
OR expression in the maxillary palps of mosquitoes is largely 
restricted to basiconic sensilla present on the most distal segment. Each 
of these sensilla is innervated by three ORNs, two of which stereotypically 
express one of a pair of turning ORs [34]; one ORN expresses a 
conserved ortholog of Or8 (e.g. AgOr8, AaOr8, CqOr8) while the second 
contains a tuning OR that appears specific to either the Anophelinae sub-
family (e.g. AgOr28,) or Culicinae sub-family (e.g. AaOr49, CqOr49).  
Similarly, the palps of T. amboinensis displayed only two detectable 
tuning TaOrs: TaOr8 and TaOr49 (fig. 3). In terms of levels of OR 
abundance, it is notable that the ratio of TaOrco to the summed RPKM of 
the two tuning TaOrs (2.02) is nearly identical to that seen in Ae. aegypti 
palp (1.90) but is reciprocal to the relationship in An. gambiae palp (0.89). 
This again recapitulates the quantitative relationships we observed 
between Orco and the tuning ORs in the antennae of these species, and 
its presence in a tissue that is well characterized as having only two tuning 
ORs further suggests a difference in regulatory mechanisms, rather than 
the existence of unannotated ORs in Culicinae. 
The IRs are the most ancient of the three chemoreceptive gene 
families, yet are the most recently discovered [35] [18] [36] and the least 
well characterized in terms of their localization and function. IRs as a class 
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appear particularly tuned to detection of ammonia, amines, acids and 
alcohols, and are expressed in ORNs, which may or may not also express 
ORs [35]. In Drosophila, IRs appear to be expressed in specific ORNs of 
the antenna and proboscis, with the distribution of IR transcripts in the 
mosquito suggesting similar enrichments in the antenna [16, 32, 37] and 
labellum [38].  
Functionally, the IR gene family resembles ORs in that it is split into 
expansive groups of IRs that seem to confer odorant specificity, and 
several putative IR co-receptors (orthologs to DmIr25a, DmIr8a and 
DmIr76b) that are highly conserved and are likely to be necessary for 
proper IR function [18]. 
The IR composition of the antennae of all three species was very 
similar.  Twenty-eight ligand specifying TaIr genes were reliably detected 
in T. amboinensis antennae, nearly equal to the numbers seen in An. 
gambiae (27) and Ae. aegypti (26).  Orthologs to all three putative, IR co-
receptors were found to have very high transcript abundances, consistent 
with transcriptomic studies in the antenna of other insects [16, 39]. Indeed 
the most highly abundant IR transcripts in the antennae of each of the 
three species were the homologs to Ir25a and Ir76b, with Ir8a consistently 
showing an abundance level of approximately one third that of Ir25a.  
Moreover in both of the Culicinae, the ratio of total RPKM for the three IR 
co-receptors to the RPKM total of the remaining IRs was remarkably 
consistent (0.998 in Ae. aegypti and 0.997 in T. amboinensis), a 
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correlation reminiscent of the conserved Orco/tuning OR relationship in 
Anopheles and implying an inter-dependency between these two IR 
subcategories. 
The IRs appear to differ markedly from the ORs with regard to their 
evolution and transcriptome profiles.  When the abundance levels of 
antennal IRs are viewed within the context of the evolutionary history of 
the IR gene family, it appears that greater than 90% of the antennal 
abundance of ligand specifying IRs is derived from those residing in 
single-copy, three species clades (fig. 4). For example, the most highly 
abundant IRs in An. gambiae (AgIr75l), Ae. aegypti (AAEL008587), and T. 
amboinensis (TaIr41r) each have orthologs in the other two species that 
are also moderately or highly expressed within those species. 
Furthermore, there are few notable instances of detectable IRs that 
appear to be species-specific. Only An. gambiae shows a modest level of 
some members of an IR clade (AgIr41n, AgIr41c, AgIr41t.2) that has no 
discernable orthologs in Culicinae. Overall, the underrepresentation in 
terms of abundance of lineage specific IRs within mosquito species 
appears to confirm the observation that even though members of the IR 
gene family rapidly duplicate and diversify within species, most of those 
IRs that are detectable are highly conserved [35].   
While primarily concentrated in the antennae, IR transcripts have 
also been reported in the maxillary palps of both An. gambiae [16] and Ae. 
aegypti [40]. T. amboinensis palps show a similar profile with a very 
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limited number of IRs being detectable along with what may be the 
stereotypical absence [16, 41] of the IR8a coreceptor in insect palps. More 
strikingly, the Ir76b ortholog—the second putative IR co-receptor 
expressed in the palps of both An. gambiae and Ae. aegypti—is also not 
detectable within the palps of T. amboinensis and this absence may 
indicate a significant shift in the chemoreceptive capacity in the palp of this 
particular lineage. 
 GRs, along with ORs, are the other class of seven transmembrane 
chemoreceptors that have been identified in insects [42-45].  As their 
name implies, they are most associated with contact chemosensation 
although several of the family members play a role in olfaction and host 
seeking [45, 46]. 
 In mosquitoes, GR transcripts are detectable in the antennae but 
always at very low levels [16, 32].  In T. amboinensis we observed 9 
detectable TaGrs in the antennae, 7 of which were present at abundance 
levels greater than the transcriptome wide median. In contrast, only 2 
AaGrs and 5 AgGrs were detectable, and in both cases none reached an 
RPKM level above their respective transcriptome median values. 
 All of the detectable TaGrs had orthologs in both Ae. aegypti and 
Culex. Of the most abundant antennal TaGrs, the top three, TaGr2, 
TaGr23 and TaGr21 (RPKMS of 15.0, 13.6 and 10.3 respectively), had 
detectable orthologs in Ae. aegypti antennae (AaGr14, AaGr2 and AaGr7, 
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respectively). Notably, none of the detectable TaGrs had any clear 
orthologs within An. gambiae. 
 GR expression in the maxillary palps of mosquitoes has been 
localized to the non-OR expressing ORNs innervating the basiconic 
sensilla in An. gambiae and Ae. aegypti [34, 47]. Orthologs of two of the 
three GRs expressed here (AaGr1/AaGr3, AgGr22/AgGr24) are 
necessary for CO2 reception in D. melanogaster (Dm21a/Dm63a)[48-50], 
and the presence of a third GR in the basiconic sensilla of mosquitoes has 
been postulated to confer enhanced sensitivity of CO2 in An. gambiae [34]. 
Each of the three GRs (AaGr1/AaGr2/AaGr3, AgGr22/AgGr23/AgGr24, 
TaGr1/TaGr2/TaGr3) show high sequence conservation between species 
and appear to function together to confer sensitivity to CO2 as well as 
other semiochemicals in basiconic sensilla of the palp [51-53]. This is 
significant inasmuch as CO2 appears to be an important long-range 
activator of mosquito host seeking [54, 55].   
 All three GRs are expressed at very high levels in the palp in each 
of the three species.. Moreover the pattern of expression between 
orthologous GRs appears conserved for TaGr1 and TaGr2 with each 
detected at nearly equal ratios to one another in all species. In contrast, 
the abundance of TaGr3 relative to the level of the most abundant palpal 
Gr was markedly lower in T. amboinensis (40%) than in either An. 
gambiae (56%) or Ae. aegypti (68%). Because Gr3 is essential for CO2 
detection in flies and confounds host-seeking in Ae. aegypti [46], the lower 
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relative abundance of TaGr3 could hint at an alteration in the sensitivity of 
this particular mode of GR-mediated chemoreception. 
The expression analysis of chemoreceptive genes present on the 
antennae and palps shows that the peripheral chemoreceptive repertoire 
of female T. amboinensis mosquitoes displays two broad tendencies that 
are also observed in the other two Culicidae analyzed here. First, we see 
that the overwhelming majority of detectable GRs and IRs, along with at 
least half of the detectable ORs consist of genes that have clear orthologs 
in the transcriptomes of all three taxa. Second, we see that the remaining 
half of the OR composition of the antennae in each of the three taxa 
consist of lineage-specific OR genes. Together these observations 
suggest a generalizable model of peripheral chemoreceptor variation that 
exists between mosquito species. One rationale for this is that the 
expression of conserved GRs, IRs and ORs provides a Culicidae-wide 
chemoreceptive foundation upon which lineage-specific expansions of 
ORs can then dynamically and independently explore sequence and odor 
space within each lineage.  
Beyond the generalities described above, the transcriptome profile 
of T. amboinensis also displays subtle characteristics that appear more 
specific to the Culicinae as well as some which distinguish it from Ae. 
aegypti. Firstly, in all chemosensory tissues, T. amboinensis and Ae. 
aegypti show a modest yet inverted relationship, between the amounts of 
Orco transcript and total tuning OR transcripts relative to An. gambiae, 
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suggesting alternative modes of OR regulation within the two sub-families. 
Secondly, T. amboinensis displays the conserved presence of an ortholog 
for AaOr49/CqOr49 in the palp along with the absence of any AgOr28 
ortholog. These trends may represent two, broad divergences in 
stereotypic OR-expression that distinguish Anophelinae from Culicinae. 
Such examples of chemoreceptive similarities between T. 
amboinensis and other mosquito species hint at conserved ranges of 
olfactory tuning that reflect the constraints of chemical ecology common to 
all Culicidae. In this light, behaviorally salient chemosensory signals such 
as plant, host and oviposition site cues likely share many similarities in 
their odor profiles and may underlie the prevalence of the observed set of 
ancient and abundant chemoreceptors. Indeed, such a shared 
chemoreceptive repertoire of interspecific oviposition cues would be of 
particular importance to T. amboinensis whose life cycle depends heavily 
on depositing eggs in water sources that contain the larvae of other 
mosquitoes. 
Where T. amboinensis appears to show some distinction from Ae. 
aegypti is in the number and relative abundance of certain 
chemoreceptive genes. First, the palp of T. amboinensis is lacking the 
detectable presence of an ortholog to Ag/AaIr76b which, as a putative IR 
coreceptor, could indicate an overall shift in functional TaIr diversity in the 
palp. Second, T. amboinensis females appear to have a markedly reduced 
antennal OR diversity than Ae. aegypti, and this diversity is lacking 
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specifically in the numbers of lineage derived OR genes. Such examples 
of chemoreceptive “simplification” in T. amboinensis could be the result of 
the loss of blood feeding in this lineage, with the reduction in the variety of 
tuning ORs supporting the role ORs play in conferring host specificity in 
mosquitoes [56]. 
 
CONCLUSIONS 
In this study we have performed a comparative analysis of the 
transcriptome profiles between T. amboinensis and three disease vector 
mosquitoes, with a focus on chemosensory gene families. Through in-
depth RNA sequencing of chemosensory appendages and whole bodies 
of adult female T. amboinensis, we obtained a comprehensive de novo 
transcriptome assembly, and confidently resolved for the first time the 
phylogenetic position of T. amboinensis thereby providing an important 
context for subsequent comparative studies. The transcriptome assembly, 
together with the detailed functional annotations we have generated (e.g. 
protein domains and GO), represents a valuable genomic resource that 
will facilitate future studies of T. amboinensis. In the transcriptome 
assembly of T. amboinensis, we identified a large chemosensory gene 
repertoire that is comparable to other mosquitoes. Phylogenetic analyses 
of the three major chemosensory receptor gene families revealed both 
clades that have maintained stable copy numbers in the four mosquitoes, 
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as well as those with differential gain-and-loss among these blood feeding 
and non-blood feeding mosquitoes.  
Subsequent transcript abundance analysis revealed that T. 
amboinensis is generally similar to other mosquito species while lacking 
certain chemoreceptive components present in the other taxa analyzed. 
Specifically, we observed a reduction in the numeric variety of antennal 
ORs as compared to Ae. aegypti. This marked depletion in OR complexity 
co-occurs with the retention of a large number of conserved mosquito ORs, 
indicating that T. amboinensis retains a core repertoire of expressed ORs 
that complement sets of conserved GRs and IRs. In the palp we also 
observed the absence of one of the putative IR co receptors along with 
indications of a potential decrease in CO2 receptivity. 
Taken together, our analyses show that in its divergence from Ae. 
aegypti, T. amboinensis lost not only its reproductive requirement for the 
taking of blood meals but also experienced a measurable, diminution in 
the qualitative complexity of peripheral  chemoreceptive coding. 
Chemoreceptors that appear to have been conserved in both copy 
number and abundance may be centrally involved in such common 
phenotypic behaviors as nectar feeding and ovipositing that reflect the 
constraints of chemical ecology.  
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MATERIALS AND METHODS 
Mosquitos and mosquito rearing 
Toxorhynchites amboinensis eggs were obtained from the U.S. Centers 
for Disease Control and Prevention Dengue Laboratory in San Juan, 
Puerto Rico. Eggs were hatched in distilled water in an upright incubator 
at 26C and 75% relative humidity under a 12:12 light dark cycle. T. 
amboinensis larvae were reared on a diet of Aedes aegypti or Anopheles 
gambiae larvae, with prey developmental stage (L1-L4) approximating that 
of predator. Pupae were transferred to small cups of clean distilled water 
and allowed to eclose inside a 100x50x50cm cage. Adults were provided 
apple slices plus cotton balls soaked with a solution of 10% sucrose, 10% 
honey ad libitum. Females were given access to a small, black melamine 
bowl, approximately 50mm in diameter, partially filled with 100ml distilled 
water plus 1% oak leaf infusion for oviposition.  
 
RNA isolation and RNA sequencing 
Approximately 200 antennae or maxillary palps were removed using 
surgical forceps from randomly selected 7-14 day-old adult females and 
placed into Trizol reagent for total RNA extraction. Additionally, 20 bodies 
from the same females, minus antennae and palps, were treated similarly. 
mRNA isolation and cDNA library preparation were carried out using the 
Illumina mRNA sequencing kit (Illumina Inc.; San Diego, CA). Libraries 
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were sequenced by the HudsonAlpha Institute for Biotechnology 
(Huntsville, AL) using an Illumina HiSeq2000. 
 
Data pre-processing and de novo transcriptome assembly 
Initial quality assessment of raw RNA-seq data was performed using 
FastQC (version 0.10.1) and several issues were identified, including 
adapter contamination and low quality reads. To ensure the quality of 
transcriptome analyses, the following pre-processing procedures were 
applied to RNA-seq data from each tissue: 1) reads that failed the Illumina 
“chastity” filter (a measurement of the overall signal purity of reads) were 
first removed; 2) reads with adapter contamination were trimmed  using 
Trimmomatic (version 0.22; [57]); 3) reads were mapped against known T. 
amboinensis ribosomal RNA sequences and sequenced mitochondrial 
genomes of Culicidae species (downloaded from NCBI at 
http://www.ncbi.nlm.nih.gov/genomes/OrganelleResource.cgi?taxid=7157, 
accessed Jul, 2012) using Bowtie 2 (version 2.0.0; [58]) to remove reads 
that are derived from rRNA/mitochondrial genes; and 4) a final quality-
based trimming was performed using Trimmomatic (version 0.22) with the 
following parameters: LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 
MINLEN:25. All abovementioned data filtrations were conducted in paired 
end mode. Cleaned data from all three tissues were combined together 
and assembled using Trinity (version 2012-06-28; [59]) to generate a de 
novo transcriptome assembly. Trinity was run with default settings and 
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only reported transcripts of 200bp or longer. No filtering of low-abundance 
transcripts was performed in order to maximize the detection of 
chemosensory genes as some of them may have low transcript 
abundances. 
 
Gene identification 
To annotate protein-coding genes in the transcriptome assembly, open 
reading frames (ORFs) of at least 300bp long were first extracted from all 
assembled transcripts in all six-frames, allowing for overlap. For each 
ORF, the translated protein sequence was compared against the National 
Center for Biotechnology Information (NCBI) non-redundant (NR) protein 
database using BLASTP (version 2.2.26+; [60]) with an e-value cutoff of 
1e-5 and the bit score of the best match was recorded. Results of this 
similarity search were later used to generate the taxonomic distribution of 
best matches for annotated genes. ORFs with significant coding potential 
were also identified from the complete set of ORFs using the 
TransDecoder utility of Trinity. 
This initial set of annotation contains a high level of redundancy as more 
than half of the annotated transcripts are alternative splicing isoforms (i.e. 
transcripts reconstructed from the same Trinity component which ideally 
represent one gene). To avoid this redundancy in subsequent sequence 
and expression analyses, a reference transcriptome assembly was 
created by selecting one representative transcript for each Trinity sub-
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component. The representative transcripts were determined as following: 
1) for each transcript, the highest bit score sum was calculated by 
comparing all possible combinations of non-overlapping ORFs identified 
on that transcript, including both the ORFs with homologs in the NR 
database and the ORFs with coding potential; 2) for each Trinity 
component, the transcript with the highest bit score sum was selected as 
the representative; and 3) the longest one was chosen if multiple isoforms 
have the same bit score sum. For each representative transcript, the 
ORFs in the combination that gave rise to the highest bit score sum were 
considered annotated genes; the one with the longest total ORF length 
was selected if multiple combinations have the same bit score sum. 
 
Functional annotation 
Two approaches were employed to obtain functional information about 
annotated T. amboinensis genes. First, translated protein sequences of all 
genes were compared against the UniProtKB/Swiss-Prot database 
(release 2013_11) using BLASTP with an e-value cutoff of 1e-5; each T. 
amboinensis genes was assigned the GO terms associated with its best 
match in the database. Second, as a more conservative strategy, 
InterProScan 5 (data version 38.0; [61, 62]) was used to identify 
conserved protein domains encoded by T. amboinensis genes and the GO 
terms associated with protein domains were transferred to corresponding 
genes. KEGG pathway annotations of T. amboinensis genes were 
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generated using the KEGG Automatic Annotation Server. Genes encoding 
(retro-)transposons were identified using TransposonPSI (version 
08222010; http://transposonpsi.sourceforge.net/). 
 
Phylogenetic analysis and divergence time estimation 
OrthoMCL (version 2.0.3; [63]) was used to identify ortholog groups 
between T. amboinensis and four other dipteran species, including An. 
gambiae (version AgamP3.6), Ae. aegypti (version AeagL1.3), C. 
quinquefasciatus (version CpipJ1.3), and D. melanogaster (version 5.48). 
Gene annotations of the three mosquitoes and the fruit fly were 
downloaded from the websites of VectorBase 
(https://www.vectorbase.org) and FlyBase (http://flybase.org/), 
respectively, and only the longest isoform of each gene was used in this 
study. The ortholog groups that contain a single gene from each of the five 
species were used to infer the phylogenetic relationship between species. 
For each of these groups, a codon-based alignment of the coding 
sequences was created using MAFFT (version 7.037b; [64]) with the “auto” 
option and poorly aligned regions in the alignment were removed using 
trimAl (version 1.4; [65]) with the “automated1” option. Maximum-
Likelihood (ML) trees were constructed from both individual alignments 
and a concatenated alignment of all single-copy ortholog groups using 
RAxML (version 7.4.2; [66]) with the “GTRGAMMA” model and 100 
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bootstrap replicates were carried out to evaluate the reliability of tree 
topologies. 
The 144 orthologous groups that recovered the same ML tree topology as 
the concatenated analysis with full support were used for the divergence 
time estimation using BEAST2 (version 2.0.2; [67]). The analysis was 
performed with the following settings: partitions, dataset was partitioned by 
codon positions; site model, GTR+GAMMA (4 categories); clock model, 
relaxed clock log normal; and tree priors, birth-death model. The 
separation of mosquitoes and Drosophila at 227 MYA (95% credibility 
interval 210-244 MYA), as suggested by a recent study [68], was used as 
a calibration point. Four independent runs were carried out, each with 100 
million generations and one tree being sampled every 10000 generations. 
Convergence check and tree summarization were performed using Tracer 
(version 1.5) and TreeAnnotator (version 2.0.2), respectively. 
 
Chemosensory gene family analysis 
The annotation of chemosensory genes was performed following a 
previous protocol [69]. In brief, previously reported chemosensory genes 
from An. gambiae, Ae. aegypti, C. quinquefasciatus, and D. melanogaster 
were used as queries in TBLASTN searches against the complete T. 
amboinensis transcriptome assembly. Putative chemosensory gene 
coding regions were identified after filtering out low-scoring blast hits. For 
each region, the query sequence that yield the highest bit score was 
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selected as reference to perform homology-based gene prediction using 
GeneWise (version 2.2.0; [70]) to avoid fragmented gene models due to 
unspliced introns. All gene models were manually inspected and modified 
if needed, and redundant models derived from isoforms were removed. 
For each of the OR/GR/IR families, protein sequences of genes in the four 
mosquitoes were aligned using MAFFT with a high accuracy option (--
maxiterate 1000 --genafpair). The multiple sequence alignments were 
manually curated and poorly aligned regions were removed using trimAl 
with the “automated1” option. ML trees were constructed using RAxML 
with the PROTGAMMALG model and 100 bootstrap replicates. Trees 
were annotated and displayed using the website of iTOL [71]. T. 
amboinensis OR/GR/IR genes were named according to their (co-
)orthologs in Ae. aegypti (or  An. gambiae if the former is absent; e.g. 
TaOr7 is the ortholog of AaOr7 and AgOr7). Lineage specific duplicates 
were further distinguished by appending a unique number identifier 
following the orthologs number (e.g. TaOr3.1 and TaOr3.2 are co-
orthologs to AaOr3). 
 
Transcript abundance calculation 
Gene expression values for An. gambiae samples were taken directly from 
our previous study on non-blood fed female chemosensory appendages 
[16]. Gene expression values for Ae. aegypti were generated by mapping 
read sets from non-blood fed female antenna (SRA depositions: 
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SRR1103960, SRR1103962, and SRR1103964) and palp (courtesy of Dr. 
Joseph Dickens (USDA,ARS)) to the current version of the genome using 
Bowtie2/Tophat2 [72] and then counting the reads mapped to each gene 
from the resulting alignment file to the Ae. aegypti genome features 
(Vectorbase; version 2.2 with mis-assigned transcript IDs removed). Gene 
expression values for T. amboinesis were generated by mapping the 
reads used in the assembly to the Trinity transcriptome assembly 
(representative isoforms) using Bowtie2.  In all cases normalized gene 
expression levels were calculated for each tissue in terms of reads per 
kilobase per million reads mapped (RPKM) [73]. 
 
Data availability 
The raw sequence reads data generated in this study are available 
through the NCBI Sequence Read Archive (SRA) database under the 
BioProject accession number: pending. The complete transcriptome 
assembly of T. amboinesis will be available through the NCBI 
Transcriptome Shotgun Assembly (TSA) database with the accession 
number: pending. The protein and coding sequences as well as functional 
annotations of all annotated T. amboinensis genes are available at 
http://dx.doi.org/10.6084/m9.figshare.1092617. 
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Table 1. Summary of T. amboinensis transcriptome assembly. 
 Complete assembly 
Protein-coding components 
All isoforms 
Representative 
isoforms 
Total size 267.6Mb 171.21Mb 41.0Mb 
Number of 
components 
199,064 21,605 
Number of transcripts 303,383 80,552 21,605 
Longest transcript 28,920bp 28,920bp 28,908bp 
N50 transcript length 2,082bp 3,575bp 3,041bp 
GC content 41.51% 43.42% 43.86% 
CEGMA completeness 248/248 241/248 240/248 
The completeness of T. amboinensis transcriptome assembly was 
evaluated using CEGMA based on the presence/absence of 248 
conserved eukaryotic genes. All the 7 genes missed in annotated 
transcripts (all isoforms) and 7 out of the 8 genes missed in annotated 
transcripts (representative isoforms) are less than 300bp long, which is the 
lower limit of gene length to be considered in our annotation. 
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Table 2. Summary of T. amboinensis transcriptome annotation. 
Total gene count 25,084 
Genes with homolog in NR 20,278 
Genes with coding potential 4,770 
Genes coding (retro-)transposon 4,888 
Total gene length 26.7Mb 
Longest gene length 24,453bp (8,151aa) 
Median gene length 663bp (221aa) 
GC content 46.79% 
 
Table 3. Number of chemosensory genes in mosquitoes. 
 OR GR IR* 
An. gambiae 75 61 46 (22) 
C. quinquefasciatus 178 65 69 (45) 
Ae.aegypti 127 70 95 (37) 
T. amboinensis 87 21 38 (31) 
*Numbers in parenthesis indicate antennal IRs. 
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CHAPTER V 
 
TERABYTES AND MOSQUITO BITES:  
DISEASE VECTORS IN THE ERA OF BIG DATA 
 
PREFACE 
 
The following manuscript by Rinker et al. will be published as an invited 
review in an upcoming issue of Genome Biology.  
 
INTRODUCTION 
The significance of arthropod vectors in disease transmission came into 
focus in the late nineteenth century when Sir Ronald Ross identified the 
role of Anopheles mosquitoes in the human malaria cycle. Until that time it 
was largely unappreciated that human diseases could be “vectored” 
(spread via an intermediate organism that could itself harbor the disease 
agent). Even the name “malaria” was derived from the medieval Italian 
word meaning “bad air” reflecting the mysterious etiology that persisted for 
centuries. Subsequent to Ross’s insight, scores of other arthropod species 
have been implicated as vectors for many human diseases and current 
World Health Organization estimates suggest that 17% of all infectious 
human diseases are vector-borne (Table 1). The broad field of medical 
entomology has emerged on the heels of those early discoveries to 
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comprehensively examine the biology of insect vectors in an effort to 
reduce their health impact. 
Historically, vector control strategies have drawn upon the biological 
knowledge of vector species to both curtail population size as well as limit 
human contact. Elimination of vector breeding sites was the earliest 
mechanism of population reduction and was soon followed by the 
widespread application of a range of chemical insecticides [1]. Reducing 
host-vector contact has also been implemented as a control strategy by 
using combinations of chemical (insect repellants) and physical (e.g. full-
coverage clothing, bed nets, window screens) barriers [2]. Moreover, 
vector control initiatives have also benefited more recently by drawing 
upon ever-increasingly sophisticated computer modeling approaches as 
well as the release of modified vectors to reduce either their competence 
or their population size [3-5]. 
A new generation of approaches to vector surveillance and control are 
being informed by a rapidly expanding wealth of genetic and genomic 
information. Genetic markers, revealed through both karyotyping and 
PCR-based assays, have led to more detailed systematic and 
epidemiologic knowledge that, in turn, has resulted in more 
comprehensive evaluations of disease risk. At the same time, advances in 
computational and sequencing technologies, most notably those of Next 
Generation Sequencing (NGS), have fostered the rapid accumulation of 
genomic resources for “non-model organisms” that include disease 
 190 
vectors. Indeed, the ever-decreasing costs of NGS has altered the nature 
and scale of potential scientific queries such that it is now more feasible to 
obtain not just whole genome sequences for taxa of interest, but also 
genomic information from individuals within those taxa. Similarly, 
comprehensive transcriptional data can be reliably acquired at the level of 
individual tissue and cell types, while de novo assemblies of transcriptome 
data can provide a wealth of genetic and phylogenomic information even 
in the absence of an assembled genome sequence. 
An examination of some of the recent applications of NGS strategies to 
disease vectors illustrates how these approaches can inform our 
understanding of their evolutionary histories, biologies and phenotypes. 
Specifically, these approaches draw upon and ultimately impact the 
abstract but salient concept of vectorial capacity, a quantitative estimation 
of the degree to which a vector poses a risk to human health. In that light, 
NGS approaches have been used to examine factors related to vector 
population sizes (e.g. reproduction and insecticide resistance), to the 
ability of a species to resist infection (vector competence), and to the 
frequency of human-vector contact (e.g. host-seeking). While studies 
across a diverse array of vector taxa are presented, the majority of 
published research remains focused on mosquitoes (Diptera: Culicidae), 
which by themselves account for the transmission of the majority of the 
most prevalent vector-borne diseases worldwide (Table 1). 
  
 Table 1 Major Vector Borne Diseases 
 
Disease 
 
Estimated 
number of 
people at 
risk 
Geographic 
Distribution 
(continent)  
Est. 
cases 
per year 
(max.) 
Est. 
mortality 
(deaths per 
annum) 
Major* Vector Species 
 
Malaria 3.5 billion Af,As,Au,NA,SA 198 million >500,000 
As: An. sinensis, An. dirus, An. stephensi Af: An. arabiensis, An. gambiae, 
An. funestus As/Au: An. faruti SA: An. darlingi 
Japanese 
encephalitis 
3 billion As 60,000 20000 
Culex tritaeniorhynchus, Cu. gelidus, Cu. pseudovishnui, Cu. Vishnui, Cu. 
fuscocephala 
Dengue fever 2.5 billion Af,As,Au,NA,SA 50 million 22000 Aedes aegypti 
Chikungunya >1 billion Af,As,Eu,NA,SA 
<0.5 
million 
<100 Aedes aegypti and Aedes albopictus 
Yellow fever 900 million Af,SA 200,000 30000 Aedes aegypyi 
Lymphatic filariasis 1.3 billion Af,As,SA 120 million <100 many mosquito species (e.g., Culex quinquefasciatus) 
Leishmaniasis  >1 billion Af,As,Eu,NA,SA 1.3 million 30000 
Phlebotomine sandflies (Af,As,Eu: Phlebotomus papatasi  NA,SA: 
Lutzomyia longipalpis 
Crimean-Congo 
Hemorrhagic Fever  
<1 billion Af,As,Eu <1,000 <100 Hyalomma ticks 
Chagas disease <1 billion As,Eu,NA,SA 6-7 million 20000 Rhodnius prolixus and other triatomine bugs 
Lyme disease <500 million Eu,NA 20,000 <100 Ixodes (deer) ticks (esp., Ixodes scapularis and Ixodes ricinus) 
Trypanosomiasis 
(African) 
65 million Af <20,000 
 
Glossina flies (esp., G. palpalis and G. morsitans) 
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GENOMIC RESOURCES FOR UNDERSTANDING DISEASE VECTORS 
The systematics of arthropods allows for making broad distinctions 
between vector and non-vector species, as well as for inferring those 
species’ population sizes, ranges and evolutionary histories. Morphology-
based taxonomic classification systems were the original tools employed 
by medical entomologists in distinguishing the role of different arthropods 
in disease transmission. The advent of molecular tools (e.g. karyotyping, 
RFLP and PCR) has steadily increased the resolving power of species 
and subspecies identifications down to the molecular level.  
Of all vector taxa, mosquitoes are the most widely dispersed with 
competent vector species present in virtually every geographic cline. 
Consequently, mosquitoes were early targets of whole genome sequence 
(WGS) efforts; the 2002 publication of the genome for the major African 
malaria mosquito Anopheles gambiae represented a milestone in vector 
genomics. This opened the way for comprehensive studies that could 
draw upon the insect’s complete compliment of genes[6]. Shortly 
thereafter, the genome sequence of the yellow fever mosquito, Aedes 
aegypti was published[7]. As was the case for other genome sequencing 
efforts at that time, the sequencing of the An. gambiae and Ae. aegypti 
genomes relied upon conventional (Sanger) sequencing technologies and 
consequently were expensive, time- and labor-intensive efforts. Following 
the advent and steady improvements in NGS technologies, WGS has 
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become an increasingly common undertaking, such that the number of 
available vector genomes has grown significantly over the last decade. 
Early in 2015, the genomes of an additional 16 Anopheles species were 
published [8,9], an accomplishment that immeasurably benefited from the 
speed and depth of coverage afforded by NGS. Of late, the genome of the 
Asian Tiger mosquito, Ae. albopictus, has also been completed, offering 
the potential for timely insights into the genome of this highly invasive, 
Dengue- and Chikungunya- competent vector. Perhaps most tellingly in 
terms of the time and effort required to sequence an insect genome, the 
paper describing the Ae. albopictus genome lists just over 30 authors, a 
number that stands in stark contrast to the 123 authors of the inaugural An. 
gambiae genome paper.  
While NGS has catalyzed WGS efforts, the massively parallel sequencing 
of RNA molecules (RNA-seq) facilitates several approaches that have also 
significantly augmented genome wide analyses. While most noted for its 
ability to provide highly quantitative transcript abundance data, RNA-seq 
may also be used to refine the annotations of WGS efforts as well as to 
provide single nucleotide polymorphism (SNP) information. The recently 
completed housefly (Musca domestica L.)[10] and tsetse fly Glossina 
morsitans)[11] genome projects both used transcriptome assemblies as a 
means of enriching the quality of their respective genome assemblies at 
least insofar as transcribed regions are concerned. Even in the absence of 
an assembled genome or WGS initiative, the de novo assembly of RNA-
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seq derived transcriptomic information has proven powerful in its ability to 
supply sequence information amenable to molecular evolutionary analysis 
as well as quantitative gene expression profiles (reviewed in [12]). For 
example, in mosquitoes, de novo transcriptome assemblies were 
successfully applied to An. funestus well in advance of the availability of a 
genome sequence[13]. Importantly, NGS transcriptomic data can be 
sequenced, assembled, annotated, and analyzed much more efficiently 
than that from WGS, thus lending itself to minor or rapidly emergent vector 
species.  
GENOMIC APPROACHES FOR STUDYING DISEASE VECTORS 
The analysis of the full suite of Anopheles’ genomes, whose species 
makeup spans the taxonomic breadth of the entire subfamily, revealed the 
genomic composition of Anopheles mosquitoes to be rapidly evolving. 
These genomes share tendencies toward X-chromosomal rearrangements 
distinct from any patterns of gene reshuffling observed in the genomes of 
either Ae. aegypti or D. melanogaster[9]. Fontaine et al. took advantage of 
the chromosomal context afforded by the new genomic information to 
resolve the fine evolutionally relationships that exist within the An. 
gambiae species complex whose morphologic and evolutionary similarity 
have been difficult to disentangle by conventional methods. By 
supplementing the new genomic information with additional NGS 
information derived from individual mosquitoes, a fine scale evolutionary 
picture has emerged. This analysis reveals the two major malaria vector 
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species within the complex (A. gambiae s.l. and A. arabiensis) were the 
first to diverge from other minor- or non-vector members of their species 
complex [14]. 
When whole genomes are lacking, de novo assembly of RNA-seq data 
can be a useful strategy for acquiring genomic information. In Culicinae, 
the transcriptome assembly of the non-bloodfeeding genus, 
Toxorhynchites, has revealed extensive evidence for its phylogenetic 
relationship relative to the two fully sequenced major Culicinae vectors, Ae. 
aegypti and Culex pipiens[15]. In ticks, while only the Lyme disease vector, 
Ixodes scapularis [16], has an assembled genome, robust transcriptome 
resources have been utilized for the study of other important vector 
species including I. ricinus [17,18], Amblyomma americanum [19], 
Dermacentor variabilis [20,21] and Hyalomma marginatum rufipes [22]. 
Comparative studies of vector transcriptomes can be expected to provide 
important insights into the shared features of common biological 
processes as well as the identification of species-specific transcripts that 
may ultimately be targeted for the design and development of novel 
control strategies. Notable advantages of de novo transcriptome assembly 
are its rapid turnaround time and relatively low acquisition cost. For 
example, currently the only genome assembly for a Chagas disease 
vector is that of the kissing bug, Rhodnius prolixus, a species that has 
already been eradicated in some Chagas endemic regions of Central 
America. However, Triatoma vectors other than R. prolixus are emerging 
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as potentially new Chagas vectors and a composite strategy toward de 
novo transcriptome assembly has proved effective in capturing some of 
the transcribed genomic elements of T. brasiliensis, an emergent Chagas 
vector in Brazil[23].  
Beyond basic genomic and transcriptional studies, population level 
variation within and between vector species can also be characterized by 
applying the power of NGS. In C. pipiens RNA-seq proved to be an 
expedient tool for highlighting genetic components involved in local 
adaptation by measuring divergence rates of genes between the 
morphologically identical wild form (C. pipiens) and domesticated form (C. 
molestus) [24]. Similar approaches in An. gambiae s.l. and Ae. aegypti 
have also proved fruitful [25,26]. In an elegant application of sequencing 
technology to vector biology, Quillery et al. utilized a genome reduction 
strategy and pyrosequencing to generate short read libraries from two 
populations of I. ricinus [27]. A large number of SNPs were identified, a 
subset of which were sampled for variation revealing deviations from 
Hardy-Weinberg equilibrium between 6 field-collected populations. 
Restriction site associated DNA marker (RAD) sequencing is another 
genome reduction strategy that can provide efficient population genomic 
data for non-model species. In Ae. aegypti, RAD sequencing of specimens 
from around the world provides support for a single sub-speciation event 
in Africa within the domesticated form, which then dispersed globally via 
commercial trade routes[28]. Both studies validate the likelihood these 
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methodologies will be useful for assessing population genetic structures in 
non-model vector species with or without genome assemblies. 
 
IMPROVED UNDERSTANDING OF VECTOR BIOLOGY 
Reproduction and Vector Populations 
NGS and WGS data sets have also informed studies involving the 
reproductive biology and developmental trajectories of disease vectors, 
highlighting potential vector population control strategies. While the 
reproductive biologies of Ae. aegypti, An. gambiae, and G. morsitans 
share similarities such as monandry and nutritive triggers that stimulate 
egg development (reviewed in [29]), reproduction in G. morsitans is 
distinguished by intrauterine larval development and nourishment. As a 
potential consequence of this novel reproductive strategy, the Glossina 
genome [11] displays an expansion in the number of milk protein genes 
that mirrors the expansion of similar genes in mammals. This finding 
highlights the genomic underpinnings of lactation physiology and provides 
a tsetse specific target for control[30]. In the American dog tick (D. 
variabilis), a recent transcriptomic-based study of the testes, vas deferens 
and accessory glands of adult males has identified numerous transcripts 
for genes that are likely to be involved in spermatogenesis and other 
reproductive functions. These findings were extended by proteomics to 
identify a set of peptides that strongly correlated with expressed 
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transcripts related to reproduction[21], an area of intensive study in insect 
vectors.  
The ability of a vector population to endure seasonal climatic shifts is an 
attribute related to reproduction that directly impacts the ability of vectors 
to transmit diseases over broad ranges. In most mosquito species the 
molecular basis of the shift toward reproductive and developmental 
dormancy (diapause) is imperfectly characterized (reviewed in [31]) but 
nevertheless is an important predictor of how readily invasive species can 
spread. In Ae. albopictus, the diapause question was successfully 
explored prior to the availability of a genomic resource by sequencing the 
whole transcriptome of developing Ae. albopictus oocytes and assembling 
genes de novo [32,33]. The results of this transcriptome-based analysis 
ultimately pointed to preparatory signatures of photoperiodic diapause 
unique to Ae. albopictus, suggesting a plausible, reproductive adaptation 
has facilitated the global proliferation of this vector. 
Initiatives aimed at curbing vector populations through habitat 
manipulation or the application of insecticides has met with some success. 
However, these strategies also provide selective pressure that can result 
in genomic adaptations that can severely impair future control efforts. This 
is most dramatically illustrated by the global rise of insecticide resistant 
insects[34]. The knockdown resistance (kdr) mechanism, which results 
from mutations in the molecular targets of ubiquitously over-applied 
pyrethroid insecticides, has arisen independently in most arthropods and 
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is thus readily detectable using conventional, PCR based strategies [35]. 
However, insects can also become resistant to insecticides by other 
cryptic metabolic mechanisms where the insecticidal agents are broken 
down and rendered inert, especially by members of the cytochrome p450 
family of monooxygenases [36]. The mechanistic changes leading to this 
mode of resistance are less understood and believed to be much more 
species-specific [37-39], making nascent resistance difficult to detect 
across diverse populations (for example [40]). NGS can provide routes 
toward agnostic implication of how metabolic pathways have evolved to 
confer insecticide resistance. A recent RNA-seq study in insecticide 
resistant Ae. aegypti has uncovered numerous genomic changes 
(including polymorphism, copy number variation, and gene amplification 
events) in certain detoxification enzymes that could then serve as 
informative markers for monitoring emerging resistance through simple 
PCR-based assays[41]. 
Genomics and Host Seeking 
While the concept of vectorial capacity considers the totality of vector-
host-parasite interactions, the proclivity of a vector species to 
preferentially feed on a given host will dramatically impact the rate at 
which any host-specific pathogens will spread. Conversely, vectors that 
blood feed more opportunistically will transmit any host-specific pathogens 
less efficiently. 
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Long- and medium- range host seeking behaviors directly attributable to 
host-associated olfactory and other chemosensory cues dramatically 
impact the vectorial capacity of insects. Accordingly, the molecular 
underpinning of chemosensation has been a major area of focus for both 
basic study and vector control. Because components of the chemosensory 
signal transduction machinery are generally highly localized within specific 
appendages such as the antennae, maxillary palps and labellum, tissue 
specific transcriptome profiles have become essential to measuring 
transcript abundances that would otherwise be diluted and potentially 
undetectable in whole body preparations of RNA. In contrast to the relative 
paucity of studies on gustatory appendages chemoreceptor abundance 
quantitation by RNA-seq has been comprehensively profiled in many of 
the major olfactory appendages of An. gambiae[42], C. 
quinquefasciatus[43], Ae. aegypti[26], An. quadriannulatus[25], Cimex 
lectularius L[44], and T. brasiliensis[23]. 
An initial RNA-seq study of An. gambiae antennae showed that levels of 
chemoreceptors were lower overall in males as compared to females (an 
effect largely accounted for by antennal sexual dimorphism), but that they 
nevertheless were remarkably conserved in their variety and relative 
abundance profiles between the two sexes[42]. Also in An. gambiae, an 
RNA-seq time course study revealed that while individual odorant receptor 
(OR) transcript profiles in female antennae changed only slightly upon the 
taking of a blood meal, the cumulative effects of those small changes were 
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viewed within the context of combinatorial, OR-based odor coding 
revealed an overall shift in olfactory responsiveness in advance of 
ovipositing[45]. Similarly, subtle distinctions in OR transcriptome profiles 
were reported in two studies that compared phenotypically divergent (host 
preference) mosquito species. The first comparison between An. gambiae 
and its less-anthropophilic sibling species An. quadriannulatus pointed to 
an overall enrichment of transcripts for multiple ORs in An. gambiae that 
combinatorially acted to enhance predicted responsiveness to human-
associated odors [25]. In the second study, differences in the antennal 
transcriptome profiles of two subspecies of Ae. aegypti that differ in their 
preferences for feeding on humans were examined. The results pointed to 
notable differences in both the abundance and functional response of a 
single OR, suggesting that it might be linked to the greater anthropophily 
exhibited by one subspecies[15,26]. Whether or not the different degrees 
of anthropophily in Ae. aegypti can be attributed to only a single 
chemoreceptor rather than to a suite of chemoreceptors or other genes 
remains an open question. 
In contrast to mosquitoes, the antennae of the bedbug C. lectularius have 
very few olfactory sensing hairs (sensilla) and accordingly also appear to 
express relatively few ORs [44]. This finding is commensurate with the 
ectoparasitic lifestyle of bedbugs in that they spend their lives in 
immediate proximity to their hosts and thus do not engage in long-range 
host seeking. The larger picture that emerges from these whole 
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transcriptome studies is that the chemoreceptors transcribed in sensory 
appendages in vector as well as non-vector insects reflects the olfactory 
requirements of the organism. Alterations in the levels of these transcripts 
affording a degree of chemoreceptive plasticity that could further modulate 
peripheral olfactory signals in response to physiologic and biotic cues. 
Such a mechanism could also be an expedient for niche adaptation that is 
integral to speciation. Importantly, because alterations in the transcriptome 
profile typically occur without any change within the organism’s underlying 
chemosensory gene repertoire, quantitative RNA-seq-based studies of 
chemosensory tissues represent an essential tool for the examination of 
subtle, yet profoundly important olfactory-related phenotypic differences. 
Genomics of Immunity 
Vector arthropods and the diseases they transmit are the evolutionary 
byproducts of complex host–parasite, genotype-by-genotype interactions. 
Successful vector-borne parasites are finely tuned to negotiate the 
physiologies and immune responses of not just one, but two hosts and 
comprise one corner of a complex, “co-evolutionary triangle.” In the case 
of malaria, the genomes of the Plasmodium pathogen, Anopheles vectors 
and human hosts all bear testament to this three-way tug-of-war[46,47]. 
However, given that the degree of vector competence within Anophelinae 
can be highly heterogeneous even among closely related sister 
subspecies, the genomic factors impacting the degree of competency are 
likely myriad. In this light, it is likely that whole genome approaches 
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represent a unique opportunity to acquire new insight into this multifaceted 
interaction. 
For most vector species only a minority of individuals are infective at any 
given time. This is partially due to heterogeneity in vector immune 
responses though the evolutionary origins of such heterogeneity are not 
always clear. In An. gambiae, adult susceptibility to Plasmodium infection 
may have complex origins in larval adaptations to tolerate challenges 
stemming from microbial diversity between breeding sites[48]. Though loci 
associated with defense against Plasmodium appear to be under strong 
selective pressure[49] and Plasmodium effectively suppresses specific 
aspects of the mosquito’s defense mechanisms[50], divergences in the 
selective signatures of other anti-parasitic genes suggest that Plasmodium 
was not the principal evolutionary driver [51,52]. Recently, a fascinating 
co-evolutionary link between reproduction and immunity was found in 
Anopheles mosquitoes using new genomic data [53]. This comparative 
genomic study found that a male derived steroid hormone and its female 
derived interacting protein appeared to have evolved in concert and that, 
upon mating the male hormone induced an increase in lipid transporters 
that are known to inhibit the anti-Plasmodium immune response in 
females. Beyond such specifics, recent RNA-seq studies in An. gambiae 
indicate that much of the known transcriptional response to parasite 
infection stems from unannotated genomic regions, leading to speculation 
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that the mosquito may be employing non-coding RNAs as part of its basic 
response mechanism [54,55]. 
Furthermore, WGS/NGS-based approaches have increased awareness of 
the role played by the native microbiome of vector insects in the 
modulation of the immune response. Most notably, Wolbachia infection of 
several mosquito species has been implicated in the dramatic reduction of 
vector competence for a number of arboviruses (including those 
responsible for Dengue, Yellow fever, Chikungunya and West Nile) as well 
as Plasmodium pathogens [56-59]. In An. gambiae, the tolerance for 
harboring midgut bacteria by the mosquito can aid in abating the immune 
response to Plasmodium[60] though some bacteria have been shown to 
confer resistance by directly interfering with the development of the 
parasite[61]. In Ae. aegypti a three-way interaction was observed between 
microbiome composition, mosquito immune response and Dengue virus 
infection[62], echoing a similar tripartite interaction reported with 
trypanosome infection in G. morsitans[63]. In R. prolixus, high throughput 
pyrosequencing allowed an accurate time course quantitation of gut 
microbiota, revealing that the presence of Trypanosoma rangeli pathogens 
directly affects microbiome composition, likely by interacting with and 
affecting the responsiveness of the bug’s immune system[64]. Therefore, 
given the complex immunomodulatory role that gut microbiota appear to 
play in vector competency, WGS/NGS-based approaches offer 
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tremendous potential for future work towards further elucidation of these 
interactions. 
The blacklegged tick, I. scapularis transmits numerous human pathogens 
including the causative agent of Lyme disease in North America, Borrelia 
burgdorferi. Although understudied, immunity genes are likely to contribute 
to gut microbe homeostasis in ticks and thus influence the competence of 
these vectors for human pathogens. A recent review identified a set of 234 
immunity-related genes in the I. scapularis genome, based on 
bioinformatic searches using queries derived from the genome annotation 
and published literature[65]. While observational in scope, studies such as 
these lay an important foundation for future comparative phylogenomics 
and the effects of immune responses on pathogen survival. A recent deep 
sequencing-based study has characterized the transcriptome of I. ricinus 
hemocytes derived from partially engorged females and has identified 
more than 300 transcripts that were significantly overrepresented in these 
cells including transcripts encoding antimicrobial peptides and pathogen 
recognition proteins [17].  
 
THE FUTURE OF VECTOR GENOMICS AND OF VECTOR CONTROL 
Translational studies that bridge the gap from genomic data to real world 
applications are both present and forthcoming. Several recent innovations 
demonstrate how genomic data can foster the design of new vector 
management tools. In one example, a chemical compound was identified 
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that activates the highly conserved insect odorant receptor co-receptor 
(Orco) and thus has the potential to interfere with the host seeking 
behaviors of insect vectors by hyper-stimulating olfactory sensory neurons 
[66]. In a second example, a small molecule inhibitor of a human inward 
rectifier potassium channel (Kir) was found to block activity of a mosquito 
Kir and could form the structural basis for novel insecticide design [67]. 
Finally, in a more publicized example, genetically modified male 
mosquitoes are being actively deployed to promising effect in suppressing 
natural vector populations [68]. Inasmuch as the development of these 
control strategies was directly facilitated by the ready availability of 
genomic resources, it is reasonable to posit that increasing genomic 
resources will similarly inform future control strategies. This effort will 
continue to identify new targets for chemical control[69,70], or facilitate the 
genetic engineering of incompetent vectors through the selective alteration 
of genes implicated in vector competency (e.g.[71-74]).  
Moreover, NGS technologies will be increasingly harnessed for 
population-level monitoring of nascent and emerging vectors. As has 
already been witnessed in the spread of insecticide resistance or in the 
elimination of R. prolixus from Central America (reviewed in [75]), so long 
as vectors continue to evolve and vector-borne parasites retain sufficiently 
broad reservoir populations, new genetic variants will emerge to 
perpetuate the risk to human health. Effective monitoring can identify such 
emerging trends and NGS data should allow for more comprehensive 
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characterization and importantly specifically drive the development of 
predictive modeling of such trends within vector populations [76]. 
Moreover as sequencing technologies and data analysis approaches 
continue to become faster and more accessible, assaying pooled samples 
of individuals [77-79] will facilitate comprehensive monitoring and mapping 
of vector species. The resulting data sets will incidentally contain valuable 
genetic information regarding infection rates and potentially (via sampling 
of blood meals) host preferences. Importantly, these data retain their value 
indefinitely as they can be interrogated retroactively. For example, novel 
functional variants can be identified to help trace the origins of emergent 
insecticide resistance. Finally, such multidimensional data sets, which 
could conceivably be collected and sequenced with relative ease and 
economy over large spatiotemporal ranges, could then better inform 
models of disease transmission and risk, that may be lacking in contextual 
sophistication [76]. 
 
CONCLUSION 
The past several years have witnessed the increased adoption of NGS 
technologies to address questions relevant to the evolution and biology of 
disease vectors. WGS efforts have resulted in full genome sequences for 
most of the major arthropod vector species. For more neglected species, 
de novo transcriptome assembly from RNA-seq data is sufficient to reveal 
coding sequences, SNPs and differential expression. As these data 
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continue to be generated, they can be made available to other 
researchers through such public databases as NCBI’s Sequence Read 
Archive (SRA), the European Nucleotide Archive (ENA) and the DNA Data 
Bank of Japan (DDBJ). In this way, the work of one research group not 
only informs the study at hand, but can also be mined to address 
innumerable future questions. This is the true power of having a large 
repository of NGS data is that it remains particularly and cumulatively 
informative and therefore represents a gift that keeps on giving.  
Finally, while we have attempted to highlight the growing impact of NGS 
upon vector biology, it is clear that despite its rapidly expanding 
accessibility that relatively few studies have utilized sequencing based 
approaches. It will likely be some time before the field of medical 
entomology embraces the comprehensiveness and agnosticism offered by 
NGS assays. Until that happens, the potential benefits of data integration 
between studies will remain limited, with many of the advantages of this 
21st century research strategy mired within experimental paradigms of the 
20th century. 
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SUMMARY 
 
The peripheral olfactory system of insects is noteworthy in that increasing 
evidence supports the generalization “that neural representations in the 
insect antenna and antennal lobe can be readily mapped onto the final 
behavioral responses” (Saha and Raman 2015). For disease vector 
insects in particular, such organizational implications are highly relevant 
given the central role olfaction plays in most vector-host interactions and 
that a major goal of medical entomologists is reducing vector contact with 
humans. 
 
The work presented herein has focused heavily on the major malaria 
vector mosquito Anopheles gambiae, leveraging NGS technologies to gain 
insight into the transcriptional profiles of this species’ major chemosensory 
tissues. We have designed our studies by predicating them on biological 
relevance, and have preferentially weighted our analyses toward the 
examination of the chemoreceptor gene families where functional 
interpretations are more forthcoming. By integrating a priori morphologic 
knowledge of chemosensory tissues (Chapter I) along with chemoreceptor 
functional data (Chapters II and III) the findings of this work strengthen the 
conception of the mosquito’s peripheral olfactory tissues as highly 
organized arrays of chemosensors. Importantly, our data also support the 
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idea that chemoreceptors in these tissues display a degree of 
transcriptional plasticity that can change in response to physiologic (blood 
feeding) or evolutionary (speciation) changes. Indeed, not only do 
chemoreceptors show dramatic evolutionary variations between distant 
taxa (Chapter IV), closely related species also may exhibit an equal or 
greater level of transcriptional dynamism among orthologous genes 
(Chapter III). Certainly molecular evolutionary techniques are invaluable 
for highlighting genomic changes occurring across deep time, but the work 
presented here argues strongly that transcriptome information can be 
informative in an entirely different way, especially when attempting to 
address questions of functional relevancy.  
 
With this last point in mind, the field of medical entomology would benefit if 
more researchers embraced a holistic, genome-to-transcriptome approach 
to the questions they are asking. To date there are remarkably few NGS-
driven studies of disease vector insects (Chapter V), and central questions 
in complicated topics such as vector competence (as an example) could 
be addressed more authoritatively by having high quality, RNAseq data in 
hand. 
 
Overall, interspecific transcriptional comparisons of chemosensory 
appendages across Culicidae points to an actively adaptive role for ORs in 
particular and supports recent work showing that OR-deficient mutant 
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mosquitoes lose most of their ability to discriminate between host odors 
(DeGennaro, McBride et al. 2013). Importantly, the work presented here, 
particularly as it relates to the functional modeling of the responsive range 
of A. gambiae antennae, argues that peripheral odor coding as exhibited 
by transcript levels of OR family members is both behaviorally predictive 
and facultatively dynamic. Cautiously, we might even allude back to the 
Introduction above to speculate that an insect presented with an 
ecologically relevant (or irrelevant) odor has the option to not only move its 
nose, but—given sufficient time—to change it as well.  
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